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1. INTRODUCTION 
The maintenance of adequate supply of potable water fo r  
astronauts on space missions of extended duration i s  an important problem. 
Limitations of launch weight and on-board storage volume preclude the  
carrying of large supplies of water, necessitating the recycle and reuse 
of waste-water produced by the astronauts. 
Urine const i tutes  60% of the waste water . produced . by a normal male 
(3.1 pounds water i n  ur ine,  2.0 pounds i n  respired a i r  and 0.2 pound i n  
feces are  the average da i ly  waste). Various systems have been conceived 
and successfully demonstrated by past  investigators t o  recover water from 
1-13 
urine. n terms of energy and weight requirements, the various d i s t i l l a t i o n  
techniques have been most successful. 
Hamilton Standard, a divis ion of United Aircraft  Corp. had developed 
and b u i l t  a prototym vapor diffusion water reclamation uni t  under con- 
13 
t rac tua l  agreement with NASA-Ames Research Center! The system had been 
successfully demonstrated on a 54 day t e s t  t o  be capable of reclaiming 
98% of the water (with the addition of a precipitate-solids f i l t e r  sub- 
system) and producing water of potable quali ty.  
However, there a re  a few components i n  the system t h a t  showed marginal 
performance. One of these wasthe medrane used as  a phase-separator. These 
membranes, polyvinyl chloride and cellophane, showed limited l i f e  and limited 
s t ruc tu ra l  strength. The overa l l  objective of t h i s  program is t o  develop 
membrane technology specif ical ly  for  t h i s  water recovery process. Special  
emphasis should begiven t o  cation-selective membranes because of t h e i r  noted 
mechanical strength , superior res is tance t o  acids, oxidants and germicides, 
and t h e i r  potent ia l  res is tance t o  organic foulants. 
2. SUMMARY 
(i) A thorough l i t e r a t u r e  search has been performed. A t o t a l  of 
60 publications re la ted  t o  water reclamation from urine have been compiled 
t o  a id  future  investigators.  This is l i s t e d  i n  Appendix I. Most of them 
have been procured and studied under t h i s  program. 
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(ii) With the help of the work performed by past investigators,  
s e r i e s  of experiments have been designed and conducted t o  study the variables 
t h a t  govern the permeation process involved. 
(iii) A search was a l s o  made of ex is t ing  commercially available 
membranes, with emphasis on cation-exchange membranes; and a select ion of 
19  membranes was tes ted and compared, one t o  another. 
A l l  data  have been reported i n  the International System of 
U n i t s  with the customary U.S. un i t s  given i n  parentheses, as  specified by 
NASA SP-7012. 
( iv )  Two of the membranes tes ted were selected based on c r i t e r i a  
deemed important t o  an e f fec t ive  water reclamation system on board space- 
c raf t s .  These were tes ted  fo r  over 700 hours continuously. Although flux 
was observed t o  decline with time, t h e  r a t e  of decline leveled off  t o  zero 
a f t e r  the i n i t i a l  100 hours o r  so. 
(v) m o  10 lb samples of ur ine were successfully processed b y  
removing 93% of t h e i r  water content i n  70 hours (membrane area = 270 cm 2 
(vi)  The mechanism of membrane fouling was a l so  studied. Flushing 
the system with water recovered flu par t i a l ly  and temporarily. Acidification 
t o  redissolve prec ip i ta te  did not recover f lux s ignif icant ly .  
(vii) Literature studies and in-house experimental work have 
been combined to investigate the pretreatment chemistry of the urine 
charge. Pretreatment with an acid-oxidant formulation improved 
product quality. Cation exchange membranes were shown to possess 
superior mechanical strength and chemical resistance to cellulosic 
membranes. 
(viii) The cwclusions and recommendations for future work are 
sumnarized in Section 4 of this report (Page 80-2). 
. WORK STA'IEMENT 
Task I Membrane Process Studies 
Subtask A Equipment Assembly 
Subtask B Processing Rate Studies 
Subtask C Product Quality Studies 
Task I1 Membrane Comparative Studies 
Subtask A Membrane Procurement 
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TASK I MEMBRANE PROCESS STUDIES 
Sub-Task A: Equipment Assembly 
The i n i t i a l  portion of the program was devoted t o  the  procure- 
ment of various equipment and membranes i n  order t h a t  a t e s t  system 
could be assembled t o  invest igate  the  various parameters t h a t  influence 
the permeation process. A schematic diagram of the system i s  shown i n  
Figure 1 . 
The preheated urine charge is brought i n to  constant contact with 
one surface of the  membrane by means of a c i rculat ing pump. The charge 
species preferent ia l ly  dissolve in to  the membrane s t ruc ture ,  diffuse 
through it, and the permeated charge species are  removed from the other  
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surface of the membrane , under reduced pressure, i n  the vapor phase. 
a s  shown the  schematic diagram below: - 
Semi- 
. permeable , 
More 
Less 
Permeable 
Permeable 
Species 
Species 
\ 
/ 
Condensing 
and 
Collection Vacuum 
Sub-system m P  
Charge Constant Membrane Assembly Recirculating Temperature 
Charge Pump 
Sub-system 
The bench uni t  can be divided i n t o  three main subsystems which 
a re  described i n  grea te r  d e t a i l s  i n  the  following paragraphs: 
1. The Charge Subsystem 
The main features  of t h i s  subsystem are:  
(i) charge reservoir  - a three-neck 5000 m l  round- 
bottom f lask  with a ref lux condenser attached t o  
its center-neck t o  minimize evaporation loss;  
(ii) heat source - a constant temperature water-bath 
equipped with a heating element, a thermostat, and 
an ag i t a to r  t o  maintain the urine charge a t  the 
desired temperature; 
(iii) ci rcu la t ing  pump - an osc i l la t ing  laboratory pump 
with sui table  connections t o  draw the charge through 
one closed-neck of the reservoir ,  push it through the 
membrane assembly, and return it t o  the reservoir 
through t h e  th i rd  closed neck. This a l so  creates  
suf f ic ien t  ag i ta t ion  t o  maintain the charge well- 
mixed. 
A pressure indicator  and a temperature indicator a re  included i n  
the feeding l i n e  t o  monitor i n i t i a l  charge pressure and temperature, 
respectively. Another temperature indicator and a flow indicator con- 
nected t o  the return l i ne ,  serve t o   non nit or the  temperature drop across 
the membrane assembly and t h e  flow r a t e  of the returning charge, re- 
spectively. 
I 
2. The Membrane Assembly 
This second subsystem consis ts  of three main components sandwiched 
between two insulated metal frames, held in  place by 12 bolt-and-nuts a s  
shown in  Fiqure 2. These components are:  
(i) a semi-permeable membrane s i tua ted  a t  the center of 
the assembly; 
(ii) A spacer with a serpentine flow-path cut  out,  
s i tua ted  a t  the charge-side of the membrane; ( the 
charge is introduced a t  the bottom i n l e t  port ,  c i rculated 
Figure 2. Diagram of Membrane Assembly 
Metal Frame 
Porous Support Plate 
Rubber Gasket 
Membrane 
Serpentine-path Spacer 
Metal Frame 
Charge Out 
along the  tortuous path, which enhances mixing, 
and exited through the ou t l e t  port  on top  of the 
assembly. ) ; Bnd 
(iii) a porous support plate ,  s i tuated a t  the product 
s ide of the membrane. (This serves t o  hold the 
membrane t i gh t ly  t o  the spacer and, a t  the same 
time, allows product vapor t o  be drawn from the 
product-surface of the membrane.) 
A rubber gasket, s i t ua t ed  between the  membrane and the metal 
frame minimizes a i r  leakage a t  t h a t  point. A closed-end manometer and 
a temperature indicator  included a t  the product suction l i n e  monitor 
the processing vacuum and the  prpduct temperature, respectively. 
3. The Product Collection Subsystem 
The permeated charge species are removed from t h e  membrane 
assembly i n  the vapor phase under reduced pressure and are  condensed 
and collected i n  t h i s  subsystem. The three main features  here are:  
(i) the water condenser; (Circulating t ap  water provides 
su f f i c i en t  heat exchange t o  condense the bulk of 
the product. This condensed l iquid is collected 
in a f lask  by gravity);  
(ii) the cold t raps  ; (A mixture of ice  and common s a l t ,  
in the r a t i o  of 2: l  yields  a temperature of -30° C,  
which i s  quite suf f ic ien t  t o  condense the residual  
product water. The coolant is stored i n  dewar 
f lasks  t o  minimize losses. ) ; and 
(iii) the  vacuum pump! ( ~t serves t o  maintain the product 
s ide  of the  system a t  reduced pressure i n  order t ha t  
the  product can be removed a s  a vapor. ) 
During the l a t e r  portion of the program, three t r aps  containing 
d i lu t e  su l fu r i c  acid a re  added between the cold t raps  and the pump t o  entrap 
the  highly vo la t i l e  ammonia t h a t  might not have been condensed before t h i s  
stage. 
. . . . .  . . . . .  
Sub-Task B: Processing Rate Studies 
The Urine Charge. The compositim of human ur ine has been studied 
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by many investigators.  Some two hundred odd d i f fe ren t  const i tuents  have 
been ident i f ied.  One hundred f i f ty-eight  of these a r e  summarized i n  the  
25 
NASA Bioastronautics Data Book. The chemistry of urine i s  complex indeed. 
For t h i s  reason, a simulated urine recipe has been used f o r  the  prel iminaq 
tests invest igat ing the parameters a f fec t ing  processing ra te .  This recipe,  
sham below, accounts fo r  90% of the  t o t a l  solute  species present i n  human 
urine. 
Recipe f o r  Simulated Urine 
Constituent 
Water 
Urea 
S a l t  
Ammonia 
Creatinine 
Uric Acid 
Hippuric Acid 
Amount 
960 pa r t s  
22 " 
10 ' 1  
3 - 3  pa r t  a s  (NH4HC03) 
2 pa r t s  
1 " 
.7 " 
I n  addit ion,  d i l u t e  hydrochloric acid  is used t o  ad jus t  the  
p H  of t he  recipe ( -  8.5) t o  a leve l  more representative of human urine 
(- 5-7). Using t h i s  simulated ur ine a s  charge, the  relevant operating 
parameters were investigated. 
Table I summarizes the  work performed i n  t h i s  section. The 
following paragraphs describe it i n  grea te r  d e t a i l  
TABLE I : Processing Rate Studies 
Range of 
P T O C ~ S S  Experiment Expt . Membrane Variables 
Variables Number Date (973) Used * Investigated General Findings 
Simulated Urine 
Time 1 9-13 RADIAN 7 hours Stable,  see Figure 3 
Vacuum 2 10-16 NAFION 170 5-600 Torr Stable,  see Figure 4 
Charge Rate 3 
Charge pH 4 
Charge Con- 
centrat ion 5 
9-20 RADIAN,AMF1s 200-1000ml/min Stable,  see Figure 5 
9-26 RADIAN 3-8 S.table, see Figure 6 
9-28 NAFION 170 3-11% TDS Direct Proportion, 
See Figure 7 
- 
- Temperature 6 10-31 NAFICRJ 170 45-85Oc Arrhenius Type, see Figure 8 
Actual Urine 
Charge p~ 7 11-9 .RADIAN 3-8 Stable,  see  Figure 6 
Charge 
Concentration 8 11-14 NAFION 170 3-12% TDS Direct Proportion, see 
Figure 7 
Temperature 9 11-6 NAFION 170 45-85O C Arrhenius. Type, see Figure 8 
* See Table I1 I page 37, f o r  more d e t a i l .  
1. Processing Time 
I n  order t o  obtain a reproducible and r e l i ab le  measurement of 
the  processing r a t e ,  it is important t h a t  a steady s t a t e  has been approached 
when t h e  measurement is made. A sample of simulated urine i s  charged t o  
the permeation system and the volume of the product collected i s  measured 
and returned t o  the charge. The processing r a t e  so  obtained is tabulated 
below and plot ted against  processing time a s  shown i n  Figure 3 .  
EXPERIMENT # 1 
Membrane = RADIAN 
Temperature = 80° C ( 1 7 ~ ~ ~ )  
Fro .vat = 15 Torr 
Charge Rate = 900 ml/min 
mocessing Time, Processing Rate , 
Hour gm/cm2-hr (lb/ft2-hr) 
2. Processing Vacuum 
The permeated charge species are  removed a s  a vapor, necessi ta t ing 
the maintenance of a reduced pressure a t  the product-side of the  membrane; 
 he leve l  of vacuum maintained could a f f ec t  the  permeation process. 
Experiment #2, summarized below, investigates t h i s  relationship.  Figure 4 
shows the p lo t  of processing r a t e  as  a function of processing vacuum. A t  
vaccum below 25 Torr processing r a t e  seems t o  be dependent on processing 
Figure 3. PROCESSING RATE AS A FUNCTIm OF PROCESSING TIME 
processing Time, hr 
- 
Figure 4. PROCESSING RATE AS A FUNCTION OF PROCESSING VACWM 
vacuum; but for  most of the  range, i.e. 25-600 Torr, the  process i s  
insensi t ive t o  the vacuum applied. Above 600 Torr processing r a t e  
drops rapidly,  in*icating t h a t  the  product is no longer being removed 
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a s  a vapor. 
Membrane = N T I O N  1700 
Temperature = 85 C (185 F )  
. .  . . .  Charge Rate= 850 ml/min 
Processing Vacuum, Proca sing r a t e ,  
t o r r  (inch Hg) 3 gm/cm -hr (Ih/ft2-hr) 
2 (0.1) .76 (1.5) 
25 (1.0) .60 (1.2) 
50 (2.0) .58 (1.2) 
75 (3.0) .56 (1.1) 
125 (5.0) -56 (1.1) 
230 (9-2) -56 (1.1) 
350 (14) .55 (1.1) 
470 (17) .55 (1.1) 
590 (23) -49 (1.0) 
620 (25) -33 (.70) 
650 (26) .21 (-401 
3. Charge Circulation Rate 
The r a t e  a t  which the  l iqu id  charge i s  brought i n  contact with the 
. membrane surface a f fec ts  many membrane process systems due t o  the phenomenon 
of concentration polarization. (The removal of cer ta in  charge species 
select ively a t  the membrane surface causes a disproportionately high 
concentration of the l e s s  permeable species a t  t h i s  point,  leading t o  
decline i n  f lux  and se l ec t iv i ty ) .  Experiment #3 is a study of t h i s  
re la t ionship a s  applied t o  pervaporation. 
The da ta  col lected are  shown i n  t h e  tab le  below a s  wel l  as  i n  
Figure.5. They indicate  t h a t  except a t  charge r a t e  below 200 ml/min 
'(.iJ5 gal/min) processing r a t e  i s  re la t ive ly  independent of charge 
circu1ation.Concentration polarization is,  thus, not an important 
fac tor  i n  t h i s  process. This is probably because the r a t e  a t  which charge 
species dissolve i n t o  the membrane pr ior  t o  diffusion through the membrane 
1 G is not the  rate-l imiting s t e p  i n  t h i s  permeation process. 
EXPERIMENT # 3 
Membrane = RADIAN Membrane = AMF's Cationic 
Temperature = 85O~ (185'~) Temperature = 8 0 ' ~  (175O F) 
Charge r a t e  Processing Rate Charge Rate Pr cessing Rate 
ml/min (gal/min) 2 qm/m (lb/ft2-hr) 9 ml/min (gal/min) gm/crn -hr (lb/ft2-hr) 
4. Charge p H  
The ac id i ty  and a lka l in i ty  of a l iqu id  charge has been kncwn 
t o  a f f ec t  the  permeability of membranes by influencing t h e i r  properties,  
such as,  water sorption. (Extreme pH's are  a l so  known t o  aggravate the 
r a t e  of hydrolysis of the  membrane). This re la t ionship is studied in  
Experiment #4. 
As can be seen i n  the Table of data  below and the plot  i n  Figure 6, 
charge p ~ ,  within the range expected t o  be relevant. fo r  human urine,  i.e., 
pH 4 - 8.5,. has no e f f ec t  on processing r a t e .  
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Figure 5. PROCESSING RATE AS A FUNCTION OF CHARGE RECIRCULATION 
Charge Recirculation, mi/min 
Figure 6 .  PROCESSING RATE' AS A FUNCTION OF CHARGE pH 
Charge p~ 
EXPERIMENT # 4 
Membrane - RADIAN 
Temperature = 75Oc ( 1 6 5 ~ ~ )  
PH Processing Rate 
gm/cm2-hr (lb/ft2-hr) 
5. Charge Concentration 
The r e l a t i v e  concentrations of the various charge species would 
influence t h e i r  r a t e  of solut ion a s  well  as  r a t e  of diffusion through 
the  membrane. The water solvent would be preferent ia l ly  soluble and 
would preferent ia l ly  d i f fuse  through the membrane r e l a t ive  t o  a l l  other 
charge species. A s  such, the  main concern here is the  re la t ive  con- 
centrat ion of water t o  a l l  the  other species. Thus, concentration i s  
expressed a s  so lu te  weight f rac t ion  o r  simply a s  percent t o t a l  sol ids .  
(Note t h a t  "solids" here include a l l  solutes ,  some of which a re  actual ly  l iquids.)  
Figure 7 and the  Table below show t h a t  processing r a t e  decreases as  the 
amount of t o t a l  so l ids  i n  the charge increases, i.e. a s  water is being 
removed from the system. Previous investigators have dea l t  i n  grea t  d e t a i l  
on the changes in physical and chemical properties of human urine as  it 
ge ts  progressively concentrated. However, t h i s  r a t e  decline can be 
simply interpreted a s  clue t o  a drop in  the r a t e  determining concentration 
IG -2 1 
gradient i n  the system. 
Figure 7. PROCESSING RATE AS A FUNCTION OF CHARGZ CONCENTRATION 
Charge Concentration, % Sol ids  
EXPERIMENT # 5 
Membrane = NAFION 170 
Temperature = 85O~ (185O F) 
Processing Rate 
% Solids 2 2 gm/m -hr(Us/ft -hr) 
6. Processing Temperature 
Experiment #6 shows t h a t  the processing temprature  is singularly 
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important i n  determining t h e  processing ra te .  An increase i n  temperature 
leads t o  a disproportionately large increase in  processing ra te .  This 
20,l Xcrhenius type relat ionship is i l l u s t r a t e d  i n  Figure 8. 
The findings should be no surpr ise  since it has been established 
t h a t  so lub i l i t y  a s  well a s  d i f fus iv i ty  a r e  very temperature-sensitive 
parameters. The data collected a re  tabulated below. They a l so  show t h a t  
0 0 
the processing r a t e  drops t o  almost zero b e l ~  50 C (120 F) .  This is 
because, a t  t h i s  level ,  i n su f f i c i en t  amount of energy is being supplied 
t o  allow activated diffusion t o  occur. A t  the  same time, the product 
is probably no longer being removed a s  a vapor a t  t h i s  point and beyond. 
Figure 8. PROCESSING RATE s A FUNCPION OF TEMPERATLIRE 
Reciprocal Temperature, ~ / O K  x 10 3 
Temperature, deg C 
Membrane = NAFION 170 
Processing Temperature Processing Rate 
0 C 0 F 2 2 gm/m -hr ( lb/f t  -hr) 
46 (114) .11 (.22) 
48 (117) .16 : (-32) 
50 (120) .20 (-40) 
60 (135) .34 (.68) 
70 (145) .50 (1.0) 
80 (175) .73 - (1.5) 
7. . Actual Urine Tests 
I n  order t o  compare the data  obtained from simulated urine t o  
those expected of ac tua l  urine,  three additional experiments have been 
carried out during the i n i t i a l  process studies period. The data from 
experiments 7, 8 and 9 a re  tabulated below. The plots  have been included 
i n  Figures 6,7 and 8 fo r  convenient comparison with simulated urine data. 
As can be readily seen, the differences a re  qui te  small indeed. 
EXPERIMENT # 7 
Membrane = RADIAN 
Temperature = 8 0 ~ ~ ( 1 7 5 ~ ~ 0  
Pracessing Rate 
Charge pH gm/cm2-hr (Ih/ft2-hr) 
4.3 .67 (1.3) 
5.4 -65 (1.3) 
6.4 .65 (1.3) 
8.0 .60 (1.2) 
. EXPERIMENT # 8 
Membrane = NAFION 170 
Temperature = 85 '~  (18S0 F) 
EXPERIMENT # 9 
Membrane = N A F I ~ J  170 
Processing Rate Processing Temp. Processing Rate 
% Solids gn/crn2-hr (&/fizz-hr) OC OF gm/cm2-hr (lb/f t2-hr) 
Discussion 
1. Relevant Variables 
Factors governing the processing r a t e  and se l ec t iv i ty  of the  
system may be c la s s i f i ed  i n t o  three categories: - 
(5.1 variables inherent i n  the charge system, i n  t h i s  
case, human ur ine (e.g. concentrations and properties 
of the various species, t h e i r  interact ion with one 
another, and with the membrane) which can be controlled 
only within the l imi t s  of chemical and physical pre- 
treatment; 
(ii) variables inherent i n  the membrane s t ructure  (e-g., f i lm 
thickness, f i lm density, degree of c r y s t a l l i n i t y  and 
crosslinking, chain-packing, i n t e r s t i t i a l  spaces, and 
presence of par t icu lar  functional groups), which a re  
not within the scope of t h i s  program; and 
(iii) variables pertaining t o  the system - the operating 
conditions (e.g., temperature, pressure, means of 
charge introduction and permeate removal, e tc . ) .  
The f i r s t  category of variables is discussed i n  grea te r  d e t a i l  
under membrane fouling and chemical pretreatment of urine charge. The 
second category of variables has been widely discussed by past  in- 
vest igators ,  e.g. - 
(i) permeation r a t e  has been found t o  be inversely 
proportional t o  f se l ec t iv i ty  independent of YT" f i l m  thickness;lG- 
(ii) degree of crosslinking has been related t o  water 2 1,3 sorption which is, i n  turn, re la ted  t o  permeation r a t e ,  
(iii) the la rger  and grea te r  the amount of i n t e r s t i t i a l  
spaces the higher would be the permeation r a t e  with 
corresponding decrease i n  se l ec t iv i ty  21 
( iv)  chain packing has been shown t o  be important t o  charge 
species with s ide chains;IG-21 
(v) c rys t a l l i n i ty  and crosslinking have been e la ted  t o  
chain mobility and permeation r a t e ,  e t c ~ f  
The t h i r d  category of variables has been studied and reported 
i n  the previous section. The findings, which a re  substantiated by 
16-21 
those of t h e  other  invest igators ,  indicate a psrmeation mechanism 
as  discussed below. 
2. Mechanism of Pervaporation 
Various past  invest igators  have concluded t h a t  pervaporation 
involves three in te r re la ted  steps: IG -21 
(i) the  select ive dissolut ion of the charge species 
i n t o  the membrane s t ructure .  (This is independent 
of pressure and dependent on temperature and 
so lub i l i t y  coefficient.  The solvent then pro- 
ceeds t o  "plast ic ize"  the membrane, loosening 
the  network of polymeric chains) ;  
(ii) the select ive diffusion of the  dissolved species 
through the membrane (where suf f ic ien t  energy of 
act ivat ion is avai labldQhe species "wiggle" 
through the polymeric chain-barrier, from one posit ion 
t o  another. The evaporation of the diffused species 
es tabl ishes  a concentration gradient across the 
membrane, resul t ing i n  a net f l ux ) ;  and 
(iii) the select ive evaporation and condensation of the 
diffused species (evaporation occurs a t  the  "upstream" 
end of the membrane s t ructure  a t  a r a t e  which is a 
function of the temperature and the re la t ive  con- 
centration and vapor pressure of the d i f fe ren t  
species. The temperature difference between t h e  up- 
stream membrane surface and the condenser es tabl ishes  
a p a r t i a l  pressure gradient,  resul t ing i n  a select ive 
d i s t i l l a t i o n )  . /3 
The evaporated species proceed t o  diffuse through the vapor 
phasezone a t a  r a t e  several  times slower than t h a t  of l iqu id  diffusion. 
This, presumably, becomes the overal l  r a t e  - determining s tep,  This i s  
i l l u s t r a t e d  i n  Figure 9. 
Figure 9. SCHEMATIC DIAGRAM ILLUSTRATING THE MCCHANISM 
. - 
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Sub-Task B - Product Quality Studies 
The quality of the product water cannot be over-erphasized. 
Ideally,  the contaminants present should be well  below the levels  
considered to le rab le  by the  united S ta tes  Public Health Service and 
the Space-Science-BoarzGHowever, excess contaminants could be eas i ly  
removed by a single-pass through activated charcoal. 
Three preliminary experiments were performed using ac tua l  human 
urine t o  invest igate  the qual i ty  of the product water. Experiments # 10, 
11 and 12 examined i t s  var ia t ion  with changes i n  processing vacuum, pro- 
cessing temperature, and charge concentration respectively. 
1. Processing Vacuum: 
As shown by t h e  data  i n  mperiment # l o ,  changes i n  processing 
vacuum have no s igni f icant  e f f ec t  on the leve l  of t o t a l  sol ids ,  urea 
and s a l t  i n  the product samples. However, the leve l  of organics (as  
expressed by the C.O.D. values) and armnonia nitrogen seem t o  r i s e  s l i gh t ly  
but s teadi ly ,  with increasing vacuum from 400 t o  100 t o r r  (Figure 10).  
This can be explained by the f a c t  t ha t  ammonia and vo la t i l e  organics 
i n  the urine have a s ign i f icant ly  higher vapor pressure than e i t h e r  
urea o r  s a l t .  
Figure 10. PRODUCT QUALITY AS A FUNCTION OF PROCESSING ViiCU3IL 
Processing Vacuum, torr 
0 0 Membrane = NAFION 170 Temperature = 85 C (185 F) 
Processing Vacuum 
' ' Torr' (inches Hg) 
Contaminants i n  Product (ppm) 
p~ Solids C.O.D. urea Ammonia N S a l t  
2. Processing Temperature 
Btperiment #11 shows t h a t  the  leve l  of contamination rises 
s teadi ly  with increasing processing temperature. This is probably caused 
by concentration polarization a s  the  f lux  increases with temperature. 
EXPERIMENT # 11 
Membrane = RADIAN 
Processing Temperature Contaminants i n  Product (ppm) 
0 C 0 F pH Solids C.O.D. Urea Ammonia N S a l t  
P i w e  I ( . PRODUCT QUALITY AS A FUNCTION OF PRWESSING TEMPERATURE 
Processing Temperature, deg C 
3. Charge Concentration 
A s  can be seen i n  the tabulated data below and Figure 12, 
an increase i n  the solid-content of the urine charge leads t o  an increase 
i n  the l eve l  of contamination present i n  t h e  product samples. This in- 
crease is especially pronounced i n  the  case of the organic contaminants. 
,.. ,. , 
The C.O.D. values and the awnouia nitrogen content doubled a s  90% of the 
water was removed from the l iqu id  charge. 
EXPERIMENT #12 
Membrane = NAFION 170 Temperature = 80°c (175'~) 
Solute 
Wciqht Contaminants i n  h-oduct (ppm) 
Fraction PH Solids C.O.D. Urea Ammonia N S a l t  
Figure 12. PRODUCT Q u A L I n  ils A FUNCTION OF CHARGE CONCENTRATION 
Solute  Weight Fraction 
TASK I1 MEMBRANE COMPARATIVE STUDIES 
Introduction 
- 
The i n i t i a l  portion of t h e  program was devoted t o  equipnent assembly 
a s  wel l  as membrane procurement. Membranes t e s t ed  by previous investigators 
with respect t o  urine pur i f ica t ion  by pervaporation were reviewed. Special 
a t tent ion was given t o  two major membrane screening s tudies  - one conducted 
by Ionics, I n c 5 i n  1963-64 under a contract  with USAF, and the other one by 
1-4 Hamilton Standard of United Aircraf t  Corp. i n  the same period for  NASA. 
The Ionics study involved the  procurement of 28 membranes of which 
23 were successfully tes ted  a t  50° C t o  70° C ( 1 2 0 ~  F t o  160° F )  using a l x  
simulated urine recipe. The majority of the  membranes tes ted  were of the 
cel lulosic  var ie ty  and were qui te  t h i n  ( a l l  but two had thickness l e s s  than 
.05 mm o r  2 m i l s ) .  The general findings were t h a t  the  majority of these 
homogeneous polymeric films lacked s t ruc tura l  s t rength and in tegr i ty ,  and 
exhibited low f lux .  (Only four f i l m s  showed permeation r a t e  of more than 
2 
.05 p / ~ m  -hr). 
The Hamilton Standard study involved more membranes - 43 procured 
and 38 tes ted.  The t e s t ing  conditions were qui te  s imilar  t o  the Ionics 
case. The majority of the films werece l lu los icor  belonging t o  the poly- 
vinyl family. The general findings were a l so  s imilar  - lacking s t ruc tura l  
strength and low i n  flux. (Less than a t h i r d  of them showed processing 
2 
r a t e  above .05 gm/cm -hr, of which only seven had su f f i c i en t  strength and 
in tegr i ty  t o  be useful.) 
In  contrast  t o  these two s tudies ,  the present study would s t r e s s  on 
good mechanical s t rength , high resis tance towards acids and oxidants 
( to  withstand any chemical pretreatment t h a t  might be needed), res is tance 
t o  organic foulants and higher permeation rate.  Cationic ion-exchange 
mehranes possess a l l  these qua l i t i e s  and are  prime candidates. Other 
types of membranes would a l s o  be procured fo r  comparison studies.  
Sub-Task A. Membrane Procurement 
The membranes selected fo r  t h i s  program a r e  summarized 
i n  Table 11. A t o t a l  of nineteen membranes were tes ted,  of which 15 
were cat ionic  membranes and 16 were commercially available. The following 
paragraphs describe these membranes in  grea te r  de ta i l s .  
1. Dumnt's NAFION 
"NAFION" is  a homogeneous fi lm of a completely fluorinated 
copolymer of PPFE (polytetrafluoroethylene) and PSEPVE (polysulfonyl- 
fluoride vinyl e ther )  containing pendant sulfonic  acid groups. Its basic  
34 
chemical s t ructure  is a s  follows: . 
Although the  membrane i s  primarily designed for  electrochemical 
applications, i t s  hydrophilic propert ies  and i t s  retardat ion of anion passage 
render it sui table  fo r  pervaporation applications. 
The membranes a r e  avai lable  i n  four d i f fe ren t  types - one 
is unreinforced and the other three a re  reinforced with different  types of 
+ teflon cloth.  Its water sorption is f a i r l y  good, 15-20% i n  the Na form 
a t  room temperature and 100% re l a t ive  humidity. Annealing a t  high temperatures 
for  a prolonged period of time loosens the polymeric chain packing and increases 
the amount of i n t e r s t i t i a l  volume, leading t o  an increase in  permeation r a t e .  
However, t h i s  e f fec t  is only temporary. And although the  length of polymeric 
chains, the degree of chain packing, the amount of pendant groups, e tc . ,  can 
be ta i lored  t o  the par t icu lar  need, it is not within the scope of t h i s  program. 
The membrane was simply purchased i n  the four commercially available forms. 
Sulfo.-Back- 
nated 
yes  
yes  
yes  
yes  
yes  
yes 
yes  
yes  
yes  
yes  
yes  
yes  
no 
no 
no 
no 
yes  
yes  
yes 
B a s e  Material 
PSFVE on FTF'E 
I, In I, 
I, I. It 
In I# 0, 
Sty.  g r a f t  on PPFE 
DVB + Sty. + EVB,crosslinked 
11 
DVB + Sty on WC, 
DVB + Sty. on KELF, 
DVB + Sty. r e s i n ,  + binder  (Kynar) 
a* " 
Regenerated Cel lu lose  
c e l l u l o s e  d i -  + t r i - a c e t a t e ,  
blended 
Polypropylene 
Polypheny lene  oxide 
Polyphenylene oxide,sulf.,+Kraton 
Membrane 
Code 
M- 1 
M- 2 
M- 3 
M- 4 
M-5 
M-6 
M-7 
M- 8 
M- 9 
M-10 
M - 1 1  
M-1-12 
M-13 
M-14 
M-15 
M- 16 
M-17 
M - 1 8  
M-19 
Cloth 
in 
lone 
Tef lor~  
Tef lo r~  
Teflon 
none 
Dyne1 
Dyne1 
Dyne1 
WC 
none 
Dacron 
3acron 
none 
none 
none 
none 
none 
none 
none 
Manufacture: Trade 
du Pont 
du Pont 
du Pont 
dU Pont 
p r o g i l  
Ionics , Inc .  
Ionics,Inc.  
Ionics,Inc.  
Tokuyama 
A.M.F. 
N a m e  
NAFION 170 
NAFION 470 
NAFION 475 
NAFION 480 
RADIANC1044 
61-AZL 
61-CYL 
61-KWL 
' o l d ' c a t i o n  
- 
Ionac Chem. 
Ionac Chem. 
duPont 
Envirogenic 
Envirogenic 
Celanese 
Experiments 
Experimenta 
Experimenta 
MC 3142 
MC 3470 
PB 192 
CAB 95 
CAB 99 
CELGARD 
PPO-1 
PPO-2 
PPO-K 
2. Frogil 's  RADIAN 
This is a membrane i n  which a sheet of polymer ( i n  the case 
of C1044 it is PTFE) i s  allowed t o  contact with a monomer ( in  t h i s  case post- 
sulfonated styrene) and i r rad ia ted  under a vacuum. This technique of graf t ing 
produces a membrane with good chemical and mechanical s t a b i l i t y .  The basic  
s t ruc ture  of the  membrane is 
- [CF CF]- 
1 
Since- the  membrane i s  not reinforced with a c lo th  backing i t s  
mechanical strengths a r e  not as good as  those of NAFION. Its dimensional 
s t a b i l i t y  i s  a l so  lacking. However, both the NAFION and the RADIAN can be 
stored dry without a f fec t ing  t h e i r  permeability charac te r i s t ics .  
3 .  Ionics' NEECON 
These membranes are  essen t ia l ly  copolymers of e thy l  vinyl benzene, 
styrene and divinyl  benzene, crosslinked and sulfonated. The degree of cross- 
linking can be controlled by adjusting the amount of divinyl benzene, and 
the amount of i n t e r s t i t i a l  space can be t a i l o red  by using appropriate amount 
' o f  the appropriate non-polymerizable solvent. The membrane thickness is 
controlled by using d i f f e r en t  reinforcing cloth backing. 
Three of these membranes were tes ted  - 61 CYL, 61AZL and 61KWL 
which use dibromoethane, d ie thy l  benzene and diglyme (Bis-2-methoxyethyl e t h e r ) ,  
a t  the proportion of 40%, 48% and 70%, respectively t o  obtain a good range 
i n  terms of amount of i n t e r s t i t i a l  spaces. The reinforcement used was Dynel, 
a copolymer of polyvinylchloride and polyacryloni t r i le .  
The membranes were commercially available i n  0.5 - 0.6 rmn 
thickness (20-23 mils) .  A thinner membrane would y ie ld  a higher processing 
rate.  However, the problems of pinhole formation and cracking become 
progressively severe. 
4. Tokuyama Soda's NEOSEPTA 
This copolymer of divinylbenzene and styrene with polyvinyl- 
chloride i s  made by a Japanese company. 1t is crosslinked and sulfonated 
jus t  l i k e  the NEPPON and is reinforced with a polyvinyl chloride c lo th  
backing. ~ t s  chemical and mechanical s t a b i l i t y  i s  s i m i l a r  t o  t h a t  of the 
N E W  family. Its water sorption, and, correspondingly, i ts  permeability 
t o  water, is l e s s  than t h a t  of any of the aforementioned membrane. 
5. AMF's Cation 
The cat ionic  membrane made by American Machine and Foundry 
is a homogeneous membrane of divinyl  benzene and styrene grafted on a 
polychloro-trifluoro ethylene film, with crosslinking and sulfonation. 
Its chemical s t a b i l i t y  and water sorption a re  qui te  good. 
6. Ionac's Membranes 
These membranes consis t  of c l l ~ s t e r s  of sulfonated divinyl 
benzene and styrene res ins  held together by a binder (kynar). The membranes 
a re  heterogeneous, cer ta in  areas being more densely packed with the  resins  
than others. Preliminary indications a re  t h a t  the non-uniform dis t r ibu t ion  
of the resins  allows excessive passage of s a l t  and other undesirable species,  
rendering t h e  membranes unsuitable f o r  pervaporation. 
7. The Cellulosic Membranes 
Cellulosic membranes a re  noted fo r  t h e i r  high water sorption, 
and therefore,  high permeability t o  water. Both the study previously con- 
ducted by Ionics, Inc. and t h a t  by Hamilton Standard reconunended cellophane, 
a regenerated cellulose,  fo r  high water transport .  Consequently, a cello- 
phane, s imilar  t o  t h a t  employed by Hamilton Standard, was tes ted  in  the 
pervaporation system. The processing r a t e  and product qual i ty  obtained 
were excellent. However, its resis tance t o  high temperature and pH and 
chemical oxidants, especially with prolonged exposure is not promising. 
A reverse osmosis type membrane made by ~nv i rogen ic s  Systems 
Co. of California was a l so  included fo r  tes t ing.  The membrane i s  interest ing 
because of its Loeb-Sourirajan type surface, i.e. it i s  asymmetric o r  
" ~ k i n n e d " 3 ~ I t  consis ts  of a very dense and t h i n  layer of a blend of cel lulose 
di-acetate and t r i - ace t a t e  supported by a much more porous and thicker  layer  
of the same polymer. The membrane was chosen because of i t s  proven superiority 
with respect t o  res is tance t o  high temperatures, pressures and p H ' s  t o  
ordinary cellulose acetate  membranes. 
The water permeability i n  t h i s  system did prove t o  be f a r  superior 
t o  t h a t  of any of the aforementioned non-cellulosic membranes. However, in- 
suf f ic ien t  data a re  yet  avai lable  t o  vouch fo r  i t s  s t a b i l i t y  t o  long-term 
exposure t o  high temperature and pHs and t o  chemical oxidants. 
8. Microporous Membrane 
A microporous polypropylene fi lm by Celanese, marketed as  
CELGARD 2400 W ,  was a l so  tested.  However, the se l ec t iv i ty  of t h i s  membrane 
was unacceptable - the so l id  content i n  the product water was as high a s  1.6%. 
Subtask B -- Membrane Fabrication 
While searching f o r  commercially available membranes f o r  tes t ing ,  it 
was suspected t h a t  membranes which possessed good mechanical strength,  such 
a s  NmION, might exhibi t  inadequate water pcrme&ility. A t  the  same t i m e ,  
several  membrane systems, notably polyphenylene oxide and styrene-divinyl 
benzene membranes, while possessing high water p$nneability, lack mechanical 
strength. As such, a s e r i e s  of expriments  was planned i n  which these 
membranes would :oe fabricated in  a strengthened system. 
KRATON i s  a c o m r c i a l l y  available thermo2lastic rubber. It i s  
essent ia l ly  a block polymer with an elastomeric polybutadiene segment ended 
by two thermoplastic polystyrene segments. Where the thermoplastic end- 
blocks are  i n  minor proportion, they associate together t o  form discre te  
par t ic les .  These pa r t i c l e s  a c t  as  crosslinks fo r  the elastomeric center- 
blocks. The r e s u l t  i s  a network held together by reversible physical bonds 
(suitable fo r  dissolut ion and molding), while possessing the excellent 
strength of rubber vulcanizates. 
It is  thought t h a t  i f  t h i s  KRATON polymer could be added t o  the 
aforementioned two polymeric systems, membranes with suparior mechanical 
strength could be fabricated. 
1. Sulfo>ated Polypheny lene Oxide Memyranes ., 
---- 
General Electr ic  has developedamembrane of sulfonated 2 ,6  -dimethyl 
73 
polypheny lene 
This membrane has been demonstrated i n  reverse osmosis system t o  
, .. 
exhibi t  water permeability surpassing t h a t  of cellulose acetate.  G.E.'s 
fabr icat ion procedure involves combining a t h i n  active PPO-SO H layer  with 3 
a microporous substrate (polypropylene) t o  form composite membranes. 
In  the procedure develoxd undsr t h i s  contract ,  the PPO (obtained 
, , 
in  a pa'~9ered form from G.E.) is f i r s t  reacted with ch1orosulfo;lic acid 
(ClSO H) i n  a chloroform solutirni a t  room temperature. The extractee and 3 
purified PPD-S03H is then combined with 6% i ts  weight of KRATON and dissolved 
in  a 1:l methanol-chloroform mixture (10% by weight solution).  The polymer 
i s  then cas t  on glass ,  allowad t o  dry a t  controlled conditio.?~, and released 
from glass  p la te  by imers ion  in  water. 
Comparing with the PW-SO H memSranes fabricated without KRATON, the  3 
KRATm-strengthened membrane exhib i t s  s u p r i o r  Mullen Burst strength while 
re ta ining similar water sorption and water permeability character is t ics .  
There i s  a l so  noted, a s ign i f icant  improvement i n  terms of fabr icat ing pin- 
hole-free membranes and i n  the  ease of handling fabricated nembranes. 
2. S tyrene-~iv inyGenzene  Menbranes 
The membranes fabricated by I o ~ c s ,  Inc. a re  of t h i s  ~ a r i e t y ? ~ A l t h o u g h  
the water passage of these membranes is good, t h e i r  inadequate mechanical 
s t rength necessi ta tes that  they be fabricated with reinforcingclothand in  
re la t ive ly  thick form. ( A  disadvantage considering t h a t  permeatim r a t e  
is inversely proportional t o  membrane thickness.) A s  such, i f  KRAT6.1 could 
be added i n  the way s imilar  t o  the aforementioned PPO-SO H system, a 3 
membrane with good mechanical s t rength (and not b r i t t l e  when dried) and 
even greater  water passage (because of the  decreased thickness) would 
he obtained. 
The procedure attempted involves the bulk polymerization of styrene 
(100 par t s )  , 55% divinyl  benzene (3 pa r t s ) ,  -ON (23 parts) and Benzojl 
-peroxide a s  ca t a lys t  (1 p a r t ) .  The reaction i.s allowed t o  reach completion 
at  65' C for  17 hours. Sulfoaation is 3rformed with Ionics, Inc. spocial  
formulation of ethylene dichloride, benzoic acid and sulfur  tr ioxide.  
The membranes obtainedexhibitgood water sorption (over 50%). 
Unfortunately, it i s  d i f f i c u l t  t o  obtain pin-hole-free and uniformly 
thick pieces of su f f i c i en t  s i z e  t o  be tes ted  i n  the p r v a p r a t i o n  system. 
Since the complete development of these membrane systemsis not within 
I 
t h e  s c o p  of t h i s  contract ,  the  fabrication exprimeats  were discontinued 
a t  t h i s  point. 
Sub-Task C Membrane Characterization 
I n  addit ion t o  permat ion  data,  various other relevant 
physical properties of the  membranes a r e  measured f o r  characterization 
and comparison purposes. These are:  
Film Thickness 
Spz6.fic Gravity 
Burst Strength 
Ion-exchange capacity 
Dimensional s t a b i l i t y  
and Water sorption 
The measurements obtained are  summarized i n  Table 111. The 
following paragraphs discuss these measurements i n  greater  de t a i l  
1. Film Thickness 
Previous data obtained by other investigations have established 
t h a t  penneation r a t e  is  inversely proportional t o  and se l ec t iv i ty  i s  in- 
IG-21 
dependent of membrane thickness. Permeation data are  incomplete without the  
accompanying data on fi lm thickness. Furthermore, permeation r a t e  can be 
increased by decreasing the f i l m  thickness. The l a t t e r  usually means a 
s ac r i f i ce  i n  mechanical s t rengths  and ease of handling and fabrication.  
Often, a trade-off point  i s  required. 
Film thickness i s  simply measured with a micrometer equipped 
with, a vernier. Since some of the  membranes have t o  be stored wet t o  
prevent i r revers ib le  changes when dr ied,  the  thickness of a l l  membranes i s  
measured only a f t e r  equi l ib ra t ing  them i n  d i s t i l l e d  water a t  room temperature. 
The un i t s  are  given i n  mill imeters a s  w e l l  a s  m i l s .  
Table  111. PHYSICAL PROPERTTES OF MEMBRANES. SCREENED - 
n.a. = n o t  a p p l i c a b l e  
Membrane 
Code 
M- 1 
@- 2 
M-3 
M- 4 
M- 5 
M- 6 
M- 7 
M- 8 
M- 9 
M-10 
M - 1 1  
M-12 
M-13 
M-14 
M-15 
M-16 
M-17 
M-18 
M-19 
* 
Thickness  
mm (mi l s )  
-089 (3.5) 
.30 (12) 
.38 (15) 
-48  (19) 
.076 (3.0) 
.51 (20) 
.55 (22) 
.58 (23) 
.20 (8 ) 
.23 (9 ) 
.15 (6 ) 
.33 (13) 
.033 (1.3) 
.089 (3.5) 
-089 (3.5) 
-020 (8  ) 
.18 (7 ) 
-10 (4 ) 
-12 (5 ) 
B u r s t  
Eor r  ( p s i )  
2100 (40) 
8800 (170) 
7300 (140) 
6200 (120) 
2300 (45) 
6800 (130) 
5700 (110) 
5700 (110) 
4700 (90) 
3600 (70) 
9900 (190) 
9900 (190) 
1300 (25) 
1600 (30) 
1600 (30) 
1800 (35) 
520 (10) 
300 ( 6 )  
620 (12) 
S p e c i f i c  
Gravi ty  
2.0 
1.2 
1.3 
1.3 
1.5 
1.3 
1.3 
1.1 
1.0 
1.6 
1.2 
1.2 
1.1 
1.1 
1.1 
.9 
1.3 
1.3 
1.5 
Aater Sorp. 
% H20/wet wt. 
15  
9 
12  
11 
15 
38 
32 
40 
10  
22 
10  
10  
3 7 
64 
64 
25 
40 
56 
5 0 
on-exchange 
Strg-Icapacity 
(, eq/q) 
.83 
.82 
-82 
.82 
1.3 
2.7 
2.1 
2.3 
1.9 
-96 
1.1 
1.1 
n.a. 
n.a. 
n.a. 
n.a. 
1.6 
2.0 
2.2 
% Swell ing 
when w e t  
9 
3 
2.5 
3 
10 
n.a. 
n.a. 
n -a .  
3 
5 
2 
2 
2 
n.a. 
n.a. 
3 
n.a. 
n.a. 
n.a. 
A s  can be seen from Table 111, membrane thickness ranges 
fran .020 m ( . 8  mils)to0.58mm (23 m i l s ) .  It might be pointed out t h a t  
the effect ive thickness of membranes #M-14 and #M-15, i.e. the Cellulose 
Acetate Blend membranes with the Loeb surface, is actual ly  of the 
33 
magnitude of a few microns. 
Membrane permeation data  are often expressed a s  permeation 
r a t e  per u n i t  thickness of the membrane t o  be t t e r  express the membrane 
'. properties. However, fo r  a l l  p rac t i ca l  purposes, the  membrane thickness 
is not within the control of the present invest igator .  A t  the  same time, 
actual  thickness of the membrane Cannot be readily and accurately measured 
when the  polymer of the membrane i s  encapsulating a c lo th  backing, thus 
giving it a non-uniform surface. For these reasons prmeat ion data a re  
given a s  uni t  weight processed per un i t  area and time, and the membrane 
thickness is given separately. 
2. Specific Gravity 
This i s  a l so  measured a f t e r  the membrane has equilibrated i n  
water a t  room temperature. The membrane t h i c h e s s  i s  measured with a 
.' micrometer-vernier, and the l i nea r  dimensions, with a ruler.  The weight 
of the membrane is measured a f t e r  excess water has been wiped off .  The 
weight i n  grams divided by the volume i n  cc yields  t h i s  reading. 
3. Burst Strength 
The Mullen burs t  s t rength is measured fo r  membrane samples 
equilibrated i n  water a t  room temperature, accoding t o  ASTM method #D774. 
The membrane is held i n  place with a clamp, and a steady hydraulic pressure 
is applied by means of a motor-driven piston arrangement u n t i l  the  membrane 
bursts. a he maximum pressure required i s  then recorded as  the burst  strength. 
This is given i n  terms of p s i  a s  wel l  as t o r r s  (mm mercury) i n  Table 111, 
and i s  accurate t o  within -25 - .50 psi .  The measurement r e f l ec t s  the 
mechanical strength of t h e  membranes. 
4. Ion-Exchange Capacity 
r .  
The ( sc i en t i f i c )  weight capacity of the ion-exchange membranes 
. . 28 
is measured t o  fur ther  characterize the membranes. The measurement shows the 
number o£ionogenic.groupscontained i n  u n i t  weight of the membrane i n  its H + 
form devoid of sorbed solutes  and solvents and reinforcingclothbacking. The 
-k + + procedure simply involves conversion t o  the  H form, exchanging the H with Na , 
+ 
and performing an acid-base t i t r a t i o n  t o  determine the amount of the H . This 
measurement would r e f l e c t  the anion passage retardation of the membranes and 
is given i n  terms of mill iequivalent per un i t  dry weight of polymer. 
5 .  Dimensional S t ab i l i t y  
This measurement is simply made with a ru l e r  and i s  applicable 
only t o  membranes tha t  can be stored dry. The l i nea r  dimensions of a dry 
- piece of membrane a re  first measured. The membrane i s  then allowed t o  
.' equi l ibrate  i n  water a t  85O C ( 1 8 5 ~ ~ ) .  The new dimensions a re  then measured. 
The percent increment r e f l e c t s  the dimensional s t a b i l i t y  of the membrane. 
Whexe the swelling i s  great,  the  membrane cannot be ins ta l led  i n  the system . 
dry  without resul t ing i n  blockage of the serpentine flow path l a t e r ,  when it 
becomes wet and, consequently, swelled. It has a l so  been observed t h a t  where 
the swelling is great,  cracks tend t o  form a t  the junction between t h e  wet 
portion (where the membrane sorbs the charge) and the dry portion (where the 
medrane is clamped in  place) of the membrane. Reinforced membranes have 
4 7 
signif icant ly  be t t e r  dimensional s t a b i l i t y  and are  preferred. 
6. Water Sorption 
The water sorption of a membrane has been shown t o  be direct ly  
21,29 
re la ted t o  the water permeability of the membrane by various investigators.  
Water sorption is dependent on the charge species present, the  charge 
+ 
temperature and the par t icu lar  form the cation membrane is i n  (e.g. H o r  
. . .  + Na form, which i s  pH dependent). A large water sorption means a grea t  
. increase i n  i n t e r s t i t i a l  spaces, a looser  chain-packing and, consequently, 
a greater  ease for  permeating species t o  "wiggle" through the  polymeric 
chains of the membrane. This generally means an increase i n  processing 
r a t e  and a corresponding decrease in  se lec t iv i ty .  
Table I11 shows the sorption of the various membranes expressed 
in terms of amount sorbed per un i t  wet weight of the membrane. The equi- 
0 0 l ibra t ion  is conducted in ur ine samples a t  85 C (185 P ) .  A d i r e c t  comparison 
of the various membranes is not  readily available because some of them are  
reinforced with c lo th  backing and some are  not. However, there  is  a de f in i t e  
trend associating high water sorption with high water permeability. 
Sub-Task D Comparison of Membrane Processing Rate 
The nineteen membranes selected have been tes ted i n  the permeation 
uni t ,  using actual  human urine a s  the charge. (Experiments #13a through 
13s). The processing r a t e  was measured a f t e r  two hours of operation t o  
insure tha t  steady s t a t e  had been reached. Samples of the product water 
collected were analyzed fo r  t o t a l  so l ids ,  C.O.D., s a l t ,  urea, ammonia 
. . 
nitrogen, and acidity?'The data collected a re  summarized in  Table IV . 
A. 
I n  terms of processing r a t e ,  the ce l lu los ic  membranes rank high with 
2 
the cellophane, M-13, showing a processing r a t e  of 1.7 gm/cm2-hr (3.5 l b / f t  -hr) 
I 
2 2 
the "loose" CAB membrane, M-14, showing a r a t e  of .90 gm/cm h r  (2.0 Lb/ft -hr).  
(~ l though the polypropylene membrane, M-16, shows an excellent r a t e  of 
2 2.6 gm/cm -hr, it is microporous and the contamination i n  the product water 
is high indeed - 1.6% t o t a l  sol ids .  The membrane i s ,  thus,  unacceptable 
for t h i s  process.) 
The ion-exchange membranes t h a t  have comparable processing 
ra te  are M-8, Ionics' KWL; M-18, the experimental PPO-2;and M-5, Progil 's  
2 
RADIAN. (The values a re  1.7, 1.6, and 1.2 gm/cm -hr, respectively.) 
- M-6, Ionics' AZL and M-1,  duPontls NAFION a l so  exhibi t  good processing r a t e  - 
2 
.75 and .73 gm/cm -hr, respectively. 
The remainder of the membranes exhibi t  ra ther  low permeation 
r a t e  and do not appear promising. These include the Ionac membranes 
( M - 1 1  and M-12), Tokuyama's NEOSEFCA(M-9) and A.M.F.'s cat ion membrane 
(M-10) . I I 
T A B E  IV. PERMEATION DATA ON MEMBRANES SCREENED 
Membrane 
Code 
M- 1 
M- 2 
M- 3 
M- 4 
M- 5 
M-6 
M-7 
M-8 
M- 9 
M-10 
M-11 
M-12 
M-13 
M-14 
M-15 
M-16 
M-17 
M-18 
M-19 
solidsC;O,D. 
200 
120 
200 
250 
200 
300 
270 
870 
130 
180 
530 
470 
160 
280 
180 
16000 
160 
180 
210 
 
Proc. R a t e  
.73 (1.5) 
.29 (0.59) 
.51 (1.0) 
.36 (0.73) 
1.2 (2.4) 
.75 (1.5) 
.50 (1.0) 
1.6 (3.2) 
.46 (0.93) 
.46 (0.93) 
.65 (1.3) 
.43 (0.87) 
1.7 (3.5) 
1.7 (3.5) 
.90 (2.0) 
2.6 (5.0) 
.54 (1.1) 
1.7 (3.5) 
-97 (2.0) 
Charge Con- 
centration 
(% TDS) 
3.1 
2.1 
3.2 
2.5 
3.1 
3.1 
3.1 
3.0 
2.9 
3.0 
3.7 
3.7 
2.6 
3.9 
3.9 
2.7 
2.4 
2.9 
3.3 
PRODUCT 
110 
80 
90 
100 
120 
220 
180 
400 
70 
90 
220 
180 
80 
80 
50 
- 
100 
90 
80 
Charge 
Temperature 
93 (200) 
88 (190) 
93 (200) 
88 (190) 
88 (190) 
93 (200) 
93 (200) 
93 (200) 
93 (200) 
93 (200) 
93 (200) 
93 (200) 
93 (200) 
77 (170) 
82 (180) 
93 (200) 
93 (200) 
93 (200) 
88 (190) 
NaCl 
15 
15 
2 5 
25 
30 
45 
15 
70 
10 
40 
220 
300 
25 
30 
10 
- 
10 
20 
20 
QUALITY 
Urea 
45 
50 
40 
50 
30 
100 
80 
270 
80 
7 0 
160 
120. 
50 
60 
30 
- 
35 
40 
40 
(ppm) 
AMM. 
M 
30 
35 
40 
40 
45 
70 
50 
90 
25 
4 0 
130 
130 
30 
35 
20 
- 
35 
40 
50 
pH 
8.3 
7.9 
7.6 
8.2 
8.2 
8.4 
8.2 
7.9 
8.4 
8.1 
9.6 
8.9 
8.4 
10.1 
10.1 
8.3 
8.1 
9.2 
9.4 
Sub-Task E Comparison of Membrane Select ivi ty  
The qual i ty  of the product samples is of primary importance 
even when post-treatment with activated charcoal i s  feasible.  However, 
as  previously discussed, product qual i ty  is  re la ted  to ,  but not synonymous 
with membrane se lec t iv i ty .  The s tudies  here s h a l l  be two-fold -- the 
examination of product qual i ty ,  and the monitoring of membrane t rue  s e l e c t i v i t  
.. 
. . I. Product Quality 
Table IV summarizes the qual i ty  of the product samples 
obtained from di f fe ren t  membranes using actual  urine as  the charge. In  
terms of meeting the standards established by the  the leve l  of 
t o t a l  so l ids  acceptab le2~only  two membranes f a i l ed  - the  microporous 
polypropylene membrane (M-16) and Ionics' KWL (M-8). Both of these membranes 
exhibi t  good f lux and poor product samples (16,000 and 870 ppm sol ids  as  
opposed t o  the 500 ppm standard.) 
The Ionac membranes while exhibit ing poor processing r a t e ,  
yield product samples t h a t  are, a t  best ,  marginal i n  terms of the leve l  
of t o t a l  so l ids  and chloride. The explanation probably l i e s  i n  the 
heterogeneous s t ructure  of the membranes. Since these membranes a re  
. essent ia l ly  c lus te rs  of res ins  held together by a binder, it i s  not d i f f i c u l t  
t o  see tha t  there e x i s t  loosely structured regions where the sodium and 
chloride ions can pass through with r e l a t ive  ease. The high s a l t  content 
i n  t h i s  small f ract ion of t h e  t o t a l  permeate sample in turn  causes a dis- 
proportionately large contamination leve l  t o  appear i n  t h e  remainder of 
the otherwise "pure" permeate sample. 
Aside from the Ionac membranes ( M - 1 1  and 12). a l l  the other 
membranes yield product samples t h a t  a re  low i n  s a l t  contamination - 10 
to 45 ppn a s  compared t o  the 250 ppm leve l  s e t  by USPHS and the 450 ppm 
deemed acceptable by NASA's SSB. 
, . 
On the  other hand, the C.O.D. l eve l  appears t o  be re la t ive ly  
high - 70 t o  120 ppm for  most of the samples - especially i n  the case of 
the Ionics and Ionac membranes - 180 t o  400 ppm. unfortunately, nei ther  
ZPjPHS nor SSB spec i f ies  the requirement fo r  t o t a l  organics. Passage through 
activated charcoal w i l l  remove these a s  wel l  a s  the accompanying disagreeable 
odor. 
Both USPW and SSB a lso  l e f t  out the s p c i f i c a t i o n  f o r  the 
level  of urea and ammonia nitrogen. Although they do not a p p a r  t o  be 
toxic  t o  human beings, a high leve l  of these contaminants could r e s u l t  
i n  a disagreeable t a s t e  o r  some s ide e f fec ts  a s  obscure a s  , e.g. tooth 
decay. The leve l  of urea and amnonia nitrogen, l ike  the  l eve l  of C.O.D., 
i s  highest f o r  the Ionics and Ionac membranes (100 t o  270 ppm) and is 
actual ly  as  low a s  50 ppm or  l e s s  f o r  a l l  the  other membrane systems. 
In  conclusion, i t  may be added t h a t  the pH leve l  of the 
samples is a l so  within the < 10.5 leve l  s e t  by USPHS. 
2. Membrane Select ivi ty  
A s  the  charge s ~ e c i e s  select ively permeated the  membrane layer, 
they are  select ively removed, i n  the vapor phase, under the reduced pressure 
established. The l a t t e r  s e l ec t iv i ty  is a function of permeate temperature, 
the r e l a t ive  concentration of the d i f fe ren t  species present, and, most of 
a l l ,  the  vapor pressure of the  component involved. 
As the process continues, the more vo la t i l e  organics, 
the ammonia, and the water would d i s t i l l  over and accumulate i n  the 
col lector  due t o  the temperature gradient which, i n  turn,  r e su l t s  i n  a 
p a r t i a l  pressure gradient, established by the hot urine charge and the 
condenseJL3 A t  the same time, the low-vapor-pressure components, notably, 
urea and s a l t ,  would accumulate in  the v ic in i ty  of the product-side membrane 
surface. This build-up would r e s u l t  i n  changes of the composition of the 
'permeate', which would, i n  turn,  cause a drop i n  the r a t e  of d i s t i l l a t i o n  
of the high-vapor-pressure components, and, even, r e s u l t  in the d i s t i l l a t i o n  
of the low-vapor-pressure components. 
This build-up of urea and s a l t  would a l so  a f f ec t  the con- 
centration gradient established between the  l iquid charge and the permeate 
vapor, i n  par t icular ,  the concentration gradient between the extremeties 
I G 
of the vapor-phase zone. This might r e s u l t  i n  a s ignif icant  reduction of 
the processing r a t e ,  a s  wel l  as,  the se lec t iv i ty .  Furthermore, the 
accumulation could conceivably cause an actual,  physical 'plugging' of 
the downstream membrane surface, resu l t ing  i n  fur ther  reduction i n  r a t e  
and se lec t iv i ty .  
For these reasons, it was decided, a t  the beginning of the  
program, t h a t  the monitoring of the undis t i l l ed  permeated components should 
be carr ied out. 
Experiments #14a through 14h were carr ied out fo r  t h i s  
investigation. In  these experiments, the permeation was allowed t o  
proceed fo r  4 t o  5 hours. The volume and composition of the d i s t i l l a t e  
samples were monitored. A t  the end of the experiment, the vacuum l ines  were 
disconnected, and the  d m s t r e a m  chamber was carefully flushed with a 
known quantity of d i s t i l l e d  water. Presumably, t h i s  'washing1 would 
dissolve the bulk of the resident,  permeated species. This flush-water 
was then assayed f o r  t o t a l  sol ids ,  C.O.D., urea, s a l t  and m o n i a  nitrogen. 
A material  balance calculat ion would determine the amount o f t h e  various 
components permeated. 
The data  a re  summarized i n  Table V. The so l ids  re tent ion 
ranges from 88 t o  97%. Urea retent ions are  i n  the same range. Except 
fo r  the Ionac membrane, the s a l t  re tent ion is high for  a l l  membranes - 
above 97%. Retentions of ammonia nitrogen and the organics are  a l so  in 
the nineties.  
Also can be found i n  Table V a re  the data correlat ing the  
amount of the d i f fe ren t  species permeated with t h e  amount of contamination 
found i n  the product samples. In  general, it can be s ta ted,  t ha t ,  the  
level  of permeated species is d i r ec t ly  proportional t o  the l eve l  of 
contamination found i n  the product. Furthermore, the percent of the 
permeated species t h a t  d i s t i l l s  over t o  be collected is re f lec t ive  of the 
. vapor pressure of the  par t icu lar  species. Urea and s a l t  have low vapor 
pressure. A s  such, only 8.5 and 17% , respectively, of the  t o t a l  amount 
of these species t h a t  have permeated the membrane a re  collected i n  the  
product samples. The corresponding percentage figures fo r  the vo la t i l e  
ammonia and organics a r e  42% and ?I%, respectively. 
Table V. SEIECTIVITY STUDIES 
. .~ . . .. . . . . . .. ,. . . . 
1. T o t a l  S o l i d s  
. . . . . , . . . . . .  ~ 
2. Urea 
3. S a l t  
. . % . . . . . 
D i s t i l l e d  
14 
15 
14 
19 
22 
14 
2 1 
. . . 21 . . . .. 
* 
Membrane. . . . 
% ~ e t e n t i o n  
96 
97 
92 
90 
97 
88 
97 
. . 97 
Membrans 
M - 1  
- M-5 
M-6 
M-8 
M-10 
M - 1 1  
M-14 
. . M-19 
CWCENTRATIW (ppm) 
Product 
180 
160 
350 
590 
170 
500 
180 
190 
Charge 
31,000 
30,000 
29,500 
29,800 
27,400 
32,000 
28,500 
. . . 27,000 
permeate( 
1.300 
1,050 
2,500 
3,100 
780 
3,700, 
840 
910 
Table V - SELECTIVITY STUDIES (Continued) 
5 .  C.O.D. 
Membrane 
M-1 
M-5 
M-6 
M-8 
M-10 
M-11 
M-14 
M-19 
CONCENTRATION ( p p )  Membrane 
% Retention 
95 
98 
94 
91 
97 
93 
95 
96 
Charge 
3,200 
3,500 
3,000 
2,600 
2,850 
2,650 
3,100 
2,700 
% 
Distilled 
3 0 
56 
47 
42 
33 
59 
32 
40 
Permeate 
150 
80 
170 
240 
90 
170 
140 
100 
Product 
45 
45 
80 
100 
3 0 
100 
45 
40 
TASK 111 -- MEMBRANE LIFE TEST 
Subtask A. Membrane Selection 
Comparison of membrane processing r a t e s  and product contamination 
has  been performed i n  the previous section. In  accordance with the con- 
t r ac tua l  agreement, two membranes were selected f o r  prolonged tes t ing.  
The selection of the membranes has been based on f ive  c r i t e r i a  which are  
believed t o  be relevant fo r  e f fec t ive  water-recovery. These are:  
a )  Easy Handling - the  membrane should be re la t ive ly  rugged, 
easy t o  s to re  and t ransfer ,  and exhibi t  dimensional 
s t a b i l i t y  a f t e r  it has been t ransferred from storage t o  
permeation uni t .  Membranes t h a t  a re  cloth-backed, t h a t  
can be stored dry and t h a t  swell minimally l inear ly  
when immersed i n  hot urine would be preferred. 
b )  High Flux - the higher the f lux is the smaller the  uni t  
would need t o  be. Membranes t h a t  exhibi t  highest f lux 
(without sacr i f ic ing  d i s t i l l a t e  qual i ty)  and minimal 
decline i n  the flux with time and concentration would 
be preferred. 
c) Chemically Resistant - the  membrane should be s tab le  in  
hot urine. However, i n  a n t i c i p t i o n  of the possible need 
for  pretreat ing urine,  membranes w i t h  good resis tance 
towards acids, oxidants, germicides, e tc . ,  would be 
preferred. 
d) Availabil i ty vs F lex ib i l i ty  - while l o w  cost  and easy 
ava i l ab i l i t y  would be relevant parameters, they would 
be balanced against  the f l e x i b i l i t y  of the membranes 
i n  terms of modification t o  achieve higher flux, b e t t e r  
resistance,  lower passage of par t icu lar  components, e tc .  
e )  Membrane Select ivi ty  - the  e f f e c t  of non-volatile so l ids  
building up on the  downstream surface of the membrane is  
not known. However, higher retention of so l ids ,  vo la t i l e  
and non-volatile, should be preferred since there  is the 
indication t h a t  the leve l  of contamination of product is 
re la ted  t o  the amount of permeated species. 
Table V I  summarizes the membrane select ion procedure. The 
membranes selected for  prolongedtest ingarethe NAFION 475 (M-3) and 
the NEPTON-AZL (M-7). 
-1. NAFION 475 
The mechanical strengths of NAFION 475 are  excellent.  The re- 
34 ported values are:  
Tensile s t rength (ASTM-D882) 4000 p s i  
Elongation " " )  140 % 
Tensile Modulus ( " " ) 35,000 p s i  
Tear s t rength ( " -D689) 12 mil 
Burst s t rength ( " -D774) 150 p s i  
Its chemical res is tance has been proven i n  a 40-day s t a t i c  tolerance 
test conducted under t h i s  program. Li terature  a l so  claims t h a t  it is s tab le  
with prolonged exposure to :  34 
25-40% KOH a t  1 5 0 ~ ~  
7 0% HN03 a t  ~ O O O C  
30% H2°2 a t  80°c 
85% H3m4 a t  150°c 
50% H2S04 a t  150°c 
These superior propert ies  a re  supported by i t s  ease i n  handling- 
it can be stored, shipped and in s t a l l ed  d r y ;  it does not swell too much 
when wetted by the urine charge, and it is rugged indeed. 
Unfortunately, although NAFION-475 has great  preference t o  water 
passage compared with the passage of the other charge components, i ts  
. . . . . .  . . .  . .  . . .  ~ . . .  . .  
. , .Tabye V I  -- MEMBRANE SELEXTION FOR LIFE TEST . 
CRITERIA FOR SELECTION 
Permeation Chemical Membrane 
Membranes Handling R a t e  Resistance F lex ib i l i ty  Se lec t iv i ty  Final  Action 
M - 1  ab D E FG H I  K Rejected-inadequate s t rength 
M-2,3,4 AB d EFG H I  K M-3 chosen fo r  bes t  f lux 
M- 5 ab C EFG i j  K Rejected-inadequate strength 
M-6 AC D EFG HJ k Rejected,M-7 preferred 
M- 7 AC C EFG HJ k Accepted despi te  f a i r  s e l ec t iv i t  
M- 8 AC C EFG H J  1 Rejected, very poor s e l e c t i v i t y  
M- 9 AC d EFG il K Rejected,inferior i n  general 
M-10 ab d EFG hl K Rejected, i n f e r io r  i n  general 
M-11,12 AB d EFG H j  1 Re jected,very poor se1ectivi:-y 
and f lux 
M-13 ab C ef g H j K Rejected, poor res is tance and 
Ln s t rength 
M-14,15 ac C Efg H I  K Rejected, poor res is tance,  w e t  
storage 
M-16 ab C efg H j 1 Rejected, very poor s e l ec t iv i ty  
and s t rength 
M-17,18 ac  C e fg  hJ K Rejected, experimental 
M-19 ac C ef 9 hJ K Rejected, experimental 
CODE : 
-
A = Good mechanical s t rength 
B = Minimal swelling when wetted 
C = Excellent permeation rate 
D = Fair ly  good permeation rate 
E = Good resis tance t o  acids 
F = Good resis tance t o  a l k a l i s  
G = Good resis tance t o  oxidants 
H = Easily avai lable  
I = Modification claimed by manufacturer 
J = Modification avai lable  t o  t h i s  invest igator  
K = Good membrane se l ec t iv i ty  
Lacking mechanical strength 
Excessive swelling when wetted 
Requires wet storage a t  a l l  t i m e  
Low permeation rate 
Poor o r  questionable res is tance t o  acid 
Poor o r  questionable resistance t o  a l k a l i s  
Poor o r  questionable res is tance t o  oxidants 
NOT commercially avai lable  
Problems i n  procurement, imported 
Modification poss ib i l i ty  unknown o r  none, 
Inadequate membrane se l ec t iv i ty  
Very poor s e l ec t iv i ty  
penneation r a t e  is no t  a s  good a s  t h a t ' o f  t h e  o the r  membrane screened. 
2 2 (-51 gm/cm -hr as compared t o  1.7 gm/cm -hr f o r  t h e  c e l l u l o s e  a c e t a t e  
2 ... , blend membrane and 1.6 gm/cm -hr f o r  NEPTON KWL.) However, t h e  
membrane can be modified, w i t h i n  l i m i t s ,  t o  inc rease  i t s  water  passage, 
although t h i s  is no t  wi th in  t h e  scope of t h i s  program. (It should 
be noted' t h a t  the  membrane was no t  pr imar i ly  designed f o r  high water 
passage. ) 
2. NEPTON-AZL 
The NEPTON-AZL has been used i n  more than  150 e l e c t r o d i a l y s i s  
i n s t a l l a t i o n s  involving var ious  k inds  of waste s treams,  subjec ted  t o  
0 
various rough handling. Its s t a b i l i t y  t o  so lu t ions  up t o  pH 11 and 95 C 
is wel l  es tabl i shed.  Higher p H ' s  and temperatures a r e  no t  expected t o  
a f f e c t  t h e  membrane. Its mechanics1 s t r eng ths  a r e  not  a s  good a s  those 
of the  NAFION. However, i t s  b u r s t  s t r eng th ,  which i s  c e r t a i n l y  t h e  
most r e l evan t  measurement f o r  t h e  p a r t i c u l a r  type  of system involved 
here ,  of 120-140 p s i  i s  e x c e l l e n t  f o r  t h e  system. 
The AZL a l s o  has s i g n i f i c a n t l y  h igher  water  permeabil i ty than 
the  NAFION. Unfortunately, t h e  product water q u a l i t y  i s  correspondingly 
worse. AZL a l s o  has t o  be s t o r e d  wet. Otherwise, cracking of t h e  
membrane would occur. 
. .  . . . .  ~ . .  . . 
Sub-Task B -- Equipment Modifications 
After the membranes had been selected,  the equipment was modified 
t o  operate continuously and automatically. The modifications involved the 
following : - 
(i) replacement of the d i s t i l l a t e  col lect ion glassware 
with a s t a in l e s s  s t e e l  container f o r  the purpose of 
providing su f f i c i en t  s t rength and r i g i d i t y  for  (ii); 
(ii) ins t a l l a t ion  of three solenoid valves and a d i s t i l l a t e  
delivery pump such t h a t  the container i s  evacuated and 
co l l ec t s  the condensed d i s t i l l a t e  i n  the normal posit ion; 
and is vented t o  atmosphere and emptied of i t s  content 
i n  the activated posi t ion;  
(iii) ins t a l l a t ion  of a timer-relay subsystem t o  act ivate  
and deactivate the components mentioned i n  (ii) according 
t o  a careful ly  calculated time sequence t o  provide a con- 
t inuous operation; 
( iv )  i n s t a l l a t ion  of a l eve l  control  safety subsystem t o  shut 
off a l l  operating components i n  case of an accidental  
leakage i n  the charge s&system o r  the membrane assembly; 
(v) modification of the  charge reservoir  t o  minimize loss  due 
t o  evaporation; and 
(vi)  i n s t a l l a t ion  of a level-control f l o a t  i n  the constant 
temperature bath such t h a t  f resh water is added when 
necessary, t o  compensate fo r  loss  due t o  evaporation. 
A pa ra l l e l  system was a l s o  ins ta l led  such tha t  two membranes could 
be t e s t ed  simultaneously 
M e m b r a n e  
C o n d e n s e r  
M a n o m e t e r  
FI = Flow I n d i c a t o r  
T e m p e r a t u r e  TI = T e m p e r a t u r e  Indicator PI = Pressure I n d i c a t o r  
D i s t i l l a t e  SV = S o l e n o i d  V a l v e  
C o l l e c t o r  NO = N o r m a l l y  O p e n  
NC r N o r m a l l y  C l o s e d  
F igure  13 . SCHEMATIC DIAGRAM OF A CONTINUOUS OPERATICN PERVAPORATION SYSTEM 
. . . . .. .. . . . . . . . . . . . . .. . . . . . 
Sub-Task C -- Studies of Membrane Processing Rate 
, . . . .  ~ . . , . . . . . . . .  
. . . .  
1. ~ ~ r i m e n t a l  Data 
I n i t i a l l y ,  the processing r a t e  was studied a s  a function of time 
fo r  three membrane systems, using actual  urine a s  charge. The experiment 
(#15) was conducted i n  a d i f f e r e n t i a l  mode, i.e. the  permeated l iqu id  was 
periodically recycled back t o  t h e  charge reservoir,  such t h a t  the charge 
was essent ia l ly  concentration invariant.  Processing r a t e  was monitored 
- periodically and tabulated below. Figure 14 i l l u s t r a t e s  the relat ionship 
between processing r a t e  and processing time. 
EXPERIMENT # 15 
Membranes = RADIAN (M-5) 
= NEFTON AZL 04-6) 
= NAFION 475 (M-3)  
Processing 2 Processing Rate, gm/cm -hr (Ib/ftL-hr) 
Time, hr. RADIAN NE FTON NAFION 
In  contrast  t o  the data presented e a r l i e r  i n  t h i s  report  which showed 
processing r a t e  t o  be s tab le  with time fo r  simulated urine,  the data from 
~xperiment #15 showed t h a t  t h i s  was t r u e  only fo r  the i n i t i a l  10 hours or so. 
After t h a t  f lux underwent a steady decline? The r a t e  of decline f o r  a l l  three 
membranes studied was remarkably s imilar ,  amounting t o  approximately 
Figure 14 . PROCESSING RATE FS A FUNCTION OF PROCESSING TIME 
Processing Time, hour 
2 2 0.6 gm/cm -hr (1.2 lb / f t  -hr) f o r  each 2.4 hour operating period. On dis-  
assemblingthe equipment,it was found t h a t  a beige color prec ip i ta te  has 
deposited on the charge-side membrane surface. 
3G The prec ip i ta te  was carefully removed from the NAFION and analyzed. 
The membrane system was reassembled. The processing r a t e  recovered somewhat, 
' b u t  proceeded t o  decline a s  shown i n  Figure 15. 
A new piece of NAFION was t e s t ed  fo r  72 hours. After the processing 
r a t e  has declined, the system was flushed with hot water a t  the r a t e  of 1000 
ml/min (-26 gpm) f o r  two hours. The flux recovery was s igni f icant ,  but decline 
occurred a s  previously observed (Figure 15). 
Acidification of "denatured" ur ine charge caused the precipi ta te  t o  
redissolve, but f lux improvement was probably not s ignif icant  (Figure 15).  
A fur ther  experiment was conducted i n  which the fresh urine charge 
was pretreated with a combination of copper su l f a t e ,  chromium t r iox ide  and 
su l fur ic  acid i n  accordance with the  formulation developed by David F. Putnam 
of McDonnell-Dougla~7 The processing r a t e  declined with t i m e  but a t  a 
somewhat slower rate .  A t  the  same time, the r i s e  i n  the pH leve l  of the 
.charge t h a t  was previously observed did not occur. 
A second se r i e s  of experiments (#16) was conducted i n  which the 
permeated l iquid was removed from the system instead of returned t o  the  
charge, i.e. i n  the in tegra l  mode. The processing r a t e  decline was more 
severe than i n  the case of the d i f f e ren t i a l  runs (Figure 16). The contribution 
t o  f lux decline was, of course, twofold - the  increase in processing time as  
well  as  the increase i n  charge concentration. However, over ninety percent 
Figure 1 5 .  EXPERIMCNTS TO RECOVER PROCESSING RATE 
Processing Time, hour 
Figure 16. PROCESSING RATE AS A FUNCTION OF CHARGE CONCENTRATION 
Solute Weight Fraction 
of the water was successfully removed fran two samples of urine using the 
NAFICN membrane and the CAB membrane,respectively. For a s t a r t i n g  sample 
of 5 l i t e r s  human urine, it took 40 hours t o  remove 93% of the water fo r  the 
CAB membrane, and 70 hours. t o  remove 92% of the water fo r  the NAFION 
2 2 
membrane, the area of permeation being 480 cm (.346 f t  ). 
A t h i r d  experiment was performed (#17) fo r  long-term t e s t ing  of two 
membranes - the  NAFICN and the AZL. Data were collected periodically and 
plot ted as  a function of time i n  Figure 17. It is interest ing t o  note tha t  
a f t e r  the decline of the  processing r a t e  during the i n i t i a l  150 hours o r  so the 
r a t e  of decline quickly tapered off.  This s t a b i l i t y  of the processing r a t e  
seemed t o  indicate t h a t  an equilibrium was reached. Furthennore, the experiment 
was interrupted a f t e r  300 hours of operation and the system flushed with water. 
There was no flux recovery! 
2. Discussion 
The decline i n  processing r a t e  is two-fold -- a decline due t o  in- 
crease i n  the concentrations of the charge species other than water , re la t ive 
t o  water, and, hence, a decrease in  the concentration gradient of the system; 
and a phenomenon surmnarily ca l led  "membrane fouling." The former has been 
discussed i n  a previous sect ion of t h i s  report. The exact mechanism of 
membrane fouling i s  not understood. However, it is, a t  l ea s t  pa r t i a l ly ,  
a t t r ibu tab le  t o  the formation of prec ip i ta te  when human urine is exposed t o  . 
a cer ta in  leve l  of heat and the  accompanied r i s e  i n  a lkal ini ty .  The prec ip i ta te  
deposits on the membrane surface, blocking the entrance of permeating species. 
A plausible process is underlined below: 
Figu re  17: SUMMARY OF MEMBRAM: LIFE TEST 
Operating Time, hour 
(i) Human urine contains urea, the enz?y-y$ase, 
ac id i ty ,  a lka l in i ty ,  and proteins;  
(ii) Urea can decompose t o  form ammonium carbonate, 
as well  a s ,  ammonia i n  the presence of 
a )  heat  
b) urease 
c) heat  + H', ar d) heat  + OH- 2 
e.g. 
heat 2 CO (NH2) - NH3 + (NH2CO) NH 2 
urease 
CO (NH2)2 + H20 - 2 NH3 + C02 
03 (NK2)2 + 2  H20 > 6 5 0 c r ~ +  + (NH ) CO -t 2NH + C O  + H 0 4 2  3 3 2 2 
CO(NH2)2 + NaOH- NH + Na HC03 3 
( i i i )  Urea decomposition leads t o  an increase i n  a lka l in i ty  
of the urine charge ( t h i s  increase i n  a lka l in i ty  was 
observed). 
( iv)  The heat, a s  wel l  as the increase i n  a lakal ini ty  
denatures cer ta in  proteins causing them t o  be insoluble; 
tones a re  insoluble i n  alkalis, ,  but soluble in  
acids. 
(v) The prec ip i ta te  (analyzed t o  be 48% Lowq protein) 
deposits on the  membrane surface, reducing the 
access ib i l i ty  of the membrane t o  the d i f fe ren t  
permeating species. 
This mechanism i s  substantiated by the following observations: 
(i) Flushing with water temporarily removes the protein 
deposit ,  leading t o  flux recovery. A s  permeation 
continues, the protein i s  redeposited, causing f lux 
decline .. 
(ii) Acidification with HC1 redissolves protein,  leading 
t o  f lux  recovery. Decomposition of urea neutral izes  
ac id i ty  u n t i l  pH becomes high enough fo r  fur ther  
prec ip i ta t ion  and subsequent flux decline. (The 
increase i n  pH of acidif ied ur ine was a l so  observed). 
:iii) Treatment with acid-oxidant combination was observed 
t o  s t a b i l i z e  the pH l eve l  of the urine charge, 
maintaining precipi ta t ion a t  a low level.  (This 
prec ip i ta te  was observed t o  be greenish, probably 
some hydroxides of copper o r  chromium; e.g. C U S O ~ ' ~ C U ( O H ) ~ ,  
C r (OH)3 . )  The s t a b i l i t y  of pH i s  probably due t o  the 
formation of the heat s t ab le  ammonium su l f a t e  o r  chromate, 
(NHq)2C03 + H SO - (NH ) S O  + H 0 + C02 2 4 4 2  4 2 
(NH4) C03 + H20 + C r 0 3  - (NH ) C r O  +H 0 + C02 
2 4 2  4 2 
The fouling i s  probably a l s o  pa r t i a l ly  a t t r ibu tab le  t o  a more severe 
type of "clogging", e.g. the la rger  charge species could have dissolved i n t o  
the  membrane and become physically trapped among the polymeric chains o r  bonded 
through hydrogen bonding. This is supported by the  observation t h a t  the flux 
recovery through water flushing i s  exposure-dependent. Experimental data 
showed t h a t  repeated flushing with d i s t i l l e d  water recovered 85% of the flux a f t e r  
r u n n i n g f o r ~ 4 8 h o u r s , 5 5 % a f t e r 9 6 h o u r s a n d 2 2 % a f t e r 1 5 0 h o u r s  fortheNAFION system. 
And, the long-term t e s t  showed t h a t  a f t e r  300 hours, f lux recovery was zero. 
This l a s t  observation indicated t h a t  cer ta in  fouling phenomena were completed . 
a f t e r  the system had been i n  operation f o r  some 300 hours, a s  though cer ta in  
functional groups available fo r  bonding were saturated a t  t h a t  point. 
Sub-Task D -- Studies of Product Quality 
?tro experiments were performed t o  study the var ia t ion of the product 
quali ty - one a s  a function of processing time and the  other a s  a function 
of charge pretreatment. 
1. Processing Time 
Experiment #18 shaved t h a t  there  was no s igni f icant  var ia t ion in  
product qual i ty  with prolonged exposure t o  untreated human urine. As shown 
i n  Figure 17, the t o t a l .  so l id  contents of the product samples fluctuated 
between 110 and 180 ppm fo r  the NAFION system, and between 290 and 390 pW 
f o r  the AZL. This indicated t h a t  the t o t a l  contamination of the product 
samples was independent of processing time. 
During Experiment #18, the concentration of the other components 
i n  the charge and the  product samples was monitored weekly and summarized 
i n  Table V I I .  While a lka l in i ty  of the charge was observed t o  increase with 
exposure t o  heat, no general trend was observed for  the other components i n  
the charge o r  the product samples. Thus, it can be concluded t h a t  product 
qual i ty  is independent of processing time. 
2. Charge Pre t r eaben t  
Experiment #18 was conducted t o  invest igate  the e f f e c t  various pre- 
treatment of the ur ine charge might have on the qual i ty  of the product 
water samples. The data  collected are  summarized below: 
TABLE VII. PRODUCT QUALITY 
CHANGE AS A FUNCTION OF TIME 
Process ing  
Time 
1st Week 
2nd Week 
3rd  Week 
4 t h  Week 
5 t h  Week 
URINE CHARGE 
Urea S a l t  C.O.D. Ammonia pH 
17,600 10,900 9,700 3,200 5.7 
16,900 9,800 8,600 3,500 6.4 
15,400 10,000 8,500 3,000 7.4 
15,900 11.100 8,100 2,800 8.6 
14,800 9,700 7,800 2,750 8 .9  
. 
1st Week 
2nd Week 
3 rd  Week 
4 th  Week 
5 t h  Week 
PRODUCT FROM NAFI6.I 475 
40 30 90 70 8 .9  
50 2 5 110 80 9.4 
3 5 3 0 120 100 9 .1  
40 25 120 80 9.3 
30 2 5 13 0 110 9.2 
i 
1st Week 
2nd Week 
3rd  Week 
4 th  Week 
5 t h  Week 
PRODUCT FROM NEPTON AZL 
100 40 250 80 8.7 
90 3 0 210 70 9.4 
120 3 5 200 80 9.4 
80  45 190 90 9.4 
100 35 180 70 9.4 
Membrane = NAFION 475 
Temperature = 8S0c (185O F) 
Charge 
metreatment 
None 
HC1 
(pH=1.8) 
Cr03 ,H2S04 
and 
r n 0 4  
(Putnam's f o m \  
.I 
Solids 
120 
130 
130 
la t ion)  
CONTWINANTS I N  PRODUCT (ppm) 
urea 
40 
35 
30 
Odor 
highly objectionable 
some disagreeable 
odor 
very f a i n t  odor 
pH 
8.9 
3.9 
2.8 
m o n i a  N 
70 
50 
40 
S a l t  
3 0 
2 5 
30 
COD 
90 
50 
30 
While the experimental findings a re  not conclusive, they indicate 
tha t  pretreatment with an acid o r  combination of an acid and an oxidant 
would lead t o  a subs tan t ia l  decrease i n  the organic and ammonia contamination 
of the product water samples. This,decrease i s  a l so  accompanied by a large 
drop i n  the pH leve l  of the samples (from 8.9 t o  2.8-3.9). 
This observation is i n  agreement with findings by various past  
22 -24 investigators. 
a. S tab i l iza t ion  of Ammonia : m a n  urine contains ammonia i n  
the forms of ammonium carbonate and ammonium bicarbonate. Ammonia and/or 
ammonium carbonate may a l so  be formed by the  decomposition of urea when 
stimulated by heat, enzyme urease, acids or a lka l i s .  The ammonium carbonate 
and bicarbonate a r e  unstable when heated. Conversion t o  an ammonium s a l t  
which has good thermal s t a b i l i t y  such as the chloride o r  su l fa te  would avoid 
the  release of m o n i a  gas. The t ab le  below l i s t  some of the ammonium s a l t s  
24 
and t h e i r  decomposition o r  sublimation temperatures. 
. 
~emperature of 
Ammonium S a l t  Decomposition o r  Sublimation OC (OF) 
Carbonate 
~ i c a r b o n a t e  
Acetate 
Chromate 
Nitrate  
Chloride 
Bisulfate 
Sulfate 
b. S te r i l i za t ion  of Urine: The heat supplied t o  maintain the 
urine charge a t  85O ~ ( 1 8 5 ~ ~ )  precludes the  survival of most of the bacter ia ,  
and, as  such, the enzymatic decomposition of urea. The semipermeable 
membrane a l so  ac t s  a s a  r e t a ine r  of most bacteria.  A sampleof untreated 
0 
urine charge a f t e r  the 30-day operation a t  85 C showed zero t o t a l  bacter ia  
c o k t  a s  wel l  as  zero coliform count . A sample of the product water a f t e r  
san i t iza t ion  of the system a l s o  showed zero l eve l  on both counts. 
Furthermore, many bac ter ia  do not survive extreme pH's as well  as  
heavy metals. A s  such, the system studied i s  very much f ree  from micro- 
biologically contaminations. 
c. S tab i l iza t ion  of Volat i le  Organics: It has been well  established 
. . 
by previous invest igators  t h a t  most of the odoriferous volat i le-organics  
present i n  human urine could be converted t o  l e s s  vo la t i l e  o r  non-odoriferous 
form by the  action of an oxidant. Hydrogen peroxide and chromium tr ioxide 
a re  two excellent examples of an oxidant t h a t  can be used i n  t h i s  system. 
Experiment actual ly  showed a lower l eve l  of odoriferous materials as  w e l l a s  
t o t a l  organic contents i n  the product samples when the urine charge had 
been pretreated with an oxidant. 
Sub-Task E -- Chemical S t a b i l i t y  of the Membranes 
As. a r e s u l t  of the poten t ia l  need of pretreat ing the urine charge 
so  as  t o  optimize processing r a t e  and product qual i ty ,  the chemistry of 
urine pretreatment has been investigated. The work of some past  investigators 
i s  summarized i n  Table V I I I .  I n  addition, Experiment #19 has been designed 
t o  investigate the s t a b i l i t y  of the d i f fe ren t  membranes i n  d i f fe ren t  solutions 
of acids and oxidants. 
Seven membranes with comparatively high f lux than the  others were 
chosen f o r  t h i s  t e s t .  They were: - 
Dumnt's NAFION 170 
DuPontls NAFION 475 
Frogil 's  RADIAN C1044 
Ionics '  NEPTON 61-AZL 
DuPontls Cellophane Pi3192 
Envirogenic's CAB 95 
G.E.'S PFO-2 
These membranes were cu t  i n to  uniform pieces of 3" x 3/4" and 
immersed i n  e ight  d i f fe ren t  solutions of acids ,  germicides and oxidants 
for  40 days: 
, p H = l  
, p H - 3  
, p H = 5  
24 
, 10X Putnam's formulation 
24 , 10X Putnam's formulation 
, 10X Putnam's formulation 24 
, Putnam's patent 39 
, Putnam's revision of paten 4 3  
Table W1I Ur ine  Pretreatment Work bv Past 1nvesrasa6orsz4 
SUCCESS OBTAINED 
Fixing Stabi l iz ing Others 
Chemicals m c t i o n  ?umnonia Organics Mentioned Major Problems Arisen 
1. H2S04 acid good inadequate - Organic vo la t i l e s  
2. 3 c r  0 oxidant 2 7 
+ H2S04 acid 
acid,oxidant 
germicide 
good 
f a i r  
acid, oxidant 
good Acid 
f a i r  - Organic vo la t i l e6  
good 
good 
no bacter ia  Precipi ta te  developed 
C r  (OH) 3 .  Some ammonia 
Mold developed 
long-term t e s t  
4 5. CuS04 acid germicide Precipitate.  formed 
Co good . good no bac te r ia  CuS04'3 Cu (OH) 
+ H2°2 oxidant 
germicide 
acid good good 
oxidant 
acid,  oxidant 
good good 
acid,oxidant 
germicide 
no bacter ia  None 
High weight requirement. 
- P2O5 deliquescent 
8. C12 oxidant,germicide fair,pH dependent inaaequate no bac te r ia  C 1  handliyng 2 
9. urease 
+ c i t r i c  acid 
reactant  
acid not known N.B. Increased urea & $,, Rejection i n  RO system 
10. H C l  acid good inadequate - H2S04 and C12 superior 
11. S03,S207, acid good f a i r  - H SO superior 2 4 
H S 0 o r  H2S208 2 2 7 
The cellophane and the sulfonated polyphenylene oxide membranes 
demonstrated the l e a s t  s t a b i l i t y  t o  oxidants. Their s t ructure  was so 
weakened t h a t  they separated in to  several  pieces on shaking a f t e r  imers ion  
i n  C r O  3l H2021 and the  other  two C r O  -acid combinations. The other membranes 3 
were apparently s tab le  in  the  acid-oxidant solutions,  demonstrating no 
s ignif icant  change in  the physical propert ies  measured a t  the beginning and 
the conclusion of the 40-day t e s t .  The propert ies  monitored were -- 
spec i f ic  gravity,  thickness, water sorption, and ion-exchange capacity. 
4. CONCLUSIONS AND RECOMMENDATICNS FOR FUTURE WORK 
. . . .  .. ,.,.. . . .  . . . . . . . . .  . . .  : 
( i )  High Processing Temperature,. The work performed under t h i s  
contract  and the data presented i n  the  l i t e r a t u r e  show t h a t  a high 
processing temperature is s ingular ly  important i n  obtaining good pro- 
cessing r a t e ,  fo r  t h i s  syste45-*dl1 experiments, therefore,  were con- 
0 0 ducted a t  the elevated temperature of 85 C(185 F) ,  instead of the lower 
0 
temperatures (below 145 F) recommended by previous invest igators  ( t o  
avoid urea decomposition). 
It has not been determined whether the conversion of urea t o  
ammonia a t  t h i s  temperature is a ser ious  problem i n  the f i n a l  design 
of the waste treatment system. Although a r i s e  i n  a lka l in i ty  and the 
leve l  of precipi ta t ion was observed t o  occur simultaneously with f lux 
decline,  a causal re la t ionsh ip  has not been established. 
It would seem t h a t  the  trade-off between high processing 
temperature ( i t s  advantages of not requiring a germicide and yielding 
higher f lux,  and, thus,  requiring l e s s  membrane area and the resu l tan t  
hardware) and the problems it  e n t a i l s  (higher energy requirement, ammonia 
handling, e tc . )  has t o  be studied i n  greater  d e t a i l  t o  determine what the 
optimum processing temperature should be. 
( i i )  Urine Pretreatments. Although many past  investigators involved 
themselves with urine pretreatments, r.o so l id  data es tabl ishing t h e i r  
re la t ionship t o  processing r a t e ,  product qual i ty  and membrane l i f e  could 
be found. Some experimental data have been presented i n  t h i s  report  on 
t h i s  subject  (e.g. addit ion of an oxidant and an acid improved product 
qual i ty ,  ce r t a in  membranes found t o  be s table  with exposure t o  concentrated 
solutions of oxidants and acids  f o r  40 days, e t c . ) .  However, much work 
still  needs t o  be done i n  terms of comparing chemical pretreatments t o  
charcoal post-treatment t o  improve the odor of the  product water, 
studying the e f f ec t  of pretreatment chemistry on membrane flux,  e tc .  
(iii) Membrane Fouling. Various past  invest igators  have dea l t  with 
t h i s  subject  i n  other types of separation systems. However, no data 
were avai lable  f o r  pervaporation. This project  has dea l t  with membrane 
fouling i n  some d e t a i l  (e.g. fouling has been re la ted t o  prec ip i ta te  
formation, shown t o  be exposure-dependent, and p a r t i a l  f lux recovery 
has been shown t o  be, a t  l e a s t  temporarily, possible).  However, before 
the optimum conditions can be determined f o r  t h i s  system, a more detai led 
study of the mechanism of membrane fouling i s  necessary. 
( iv )  Membrane Fabrication. Various commercially available membranes 
have been studied i n  t h i s  and other invest igat ion.  The present study has 
demonstrated the super ior i ty  of ion-exchange membranes t o  ce l lu los i c  
membranes i n  terms of mechanical s t rength and chemical resistance.  How- 
ever, the water passage of the  ex is t ing  ion-exchange membranes can be 
improved upon. (It should be remembered t h a t  ion-exchange membrane 
technology i s  not designed f o r  high water permeability.) This project  
has devoted some e f f o r t  i n  improving the mechanical strength of two 
ex is t ing  membrane systems. Further invest igat ion is warranted i n  terms 
of modifications of ex is t ing  membrane systems (e-g. increasing i n t e r s t i t i a l  
spaces, decreasing membrane thickness,  replacement of c loth  type reinforce- 
ment with the KRATON type system, e t c . ) ,  a s  well  as, developing new membrane 
systems (e.g. styrene-butadiene). 
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CONSTITUENTS OF HUMAN URINE EXCEEDING 10 mgll. 
SolvbdllY 
Limll In 
A Binary 
Formula Range Solutton 
Item Formula Wclghl mp/l mgll dlWgH2O 
Tots1 Solutes 36.700 46.1W --- 
Urea HINCONHl 60.1. 9.300 23.300 119 
Chlorids CL- 35.5 1.870 8,4W --- 
Sodium Naf 23.0 1.170 4,390 --- 
Pataarium K+ 39.1 750 2.6111 --- 
,, Creatininc GH7N3O 113.1 670 2.150 8.7 
Sulfur, Inorganic S 32.1 163 1.800 --- 
Hippuric Acid CbHIC0.NHCH2'COlH 179.2 50 1,670 0.367 
Phoapharur. Total P 31.0 470 1,070 --- 
CiUic Acid HOC(CH,COIH)ICO~H 192.1 90 930 208 
Glueuronic Acid CbHloPl 194.1 70 880 S. 
Ammonia NH3 17.0 2W 730 --- 
Uric Acid CsHao3N. 168.1 40 610 0.00645 
Uropcprin(anTyrorhc) H0'CsH4'CzH3(NH])'CO~H 181.2 70 560 0.04 
BicarbonatC HCO3' 61.0 20 560 --- 
Crcathe HN:C(NH2)N(CH3)aCH1.COlHHHI0 149.2 0 S O  1.4 
Sulfur. Orgnnic S 32.1 I7 no --- 
Glycinc NHl 'CH1 'CQH 75,l 90 450 23 
Phenols C6Hs'OH 94.1 130 420 8.2 
Lactic Add CH3.CHOH'C01H 90.1 30 400 O0 
Calcium C." 40.1 30 390 --- 
Hillidht C3H3NI.CH2'CH.(NH2).CO1H 155.2 40 330 S. 
Glutmie Acid HOIC'CHNHI'ICHI)I'COIH 147.1 <I 310 1.5 
hdroataont CIOHSQOI 190.5 1 180 1,s. 
1.Msthylhistidhc C3H3NaCHlCH@iH.CH3)'COOH 169.2 30 260 
Mqmrrium Ms 24.3 I D  u)5 --- 
lmidarolc Dsrivrltvcn CIH~NI 68.1 90 2W S. 
Glucow C6H,Os(COCH3)r 390.4 30 200 0.15 
Taurhs NHI.CH~.CHI'SO,H 115.2 5 200 6.4 
Arpartlc Acid GH,O4N 133.1 <I 170 2.11 
Clrbonsla ~ 0 %  60.0 100 150 --- 
Cyltha [H01C.CH(NH2)'CH~S1Jr 240.3 I 130 0.01 
Cltrvuine NHICONH(CH~)3.CH.(NH,)'C01H 175.2 0 130 S. 
Thrronlns C4HoO3N 119.1 10 110 S. 
Lyiha (NH~)ICSH~*CO,H 146.1 5 110 V.S. 
Indoxylrulfurts Add CsH~ON'HzSO~ 131.2 3 110 
m.Hydrexyhippuric Acid QH4COHC(CONH'CH1COOH) 195.1 I 100 
pHydroxyphsny1. 
Hydrofryllc Acid 1 100 
CONSTITUENTS OF H U M A N  URINE EXCEEDING 10 m d l .  
Solubility 
L i n i t  I n  
A Iiinary 
I:ornlula Rangc Solution 
Item I~~armula Wciglll mgil mgll pil00g l l z O  
I"0li10l 
Formic Acid 
Urobilin 
Tyrosinc 
Pyruvic Acid 
Albumin 
Asprraginc 
Tr).plunhan 
Krtonsr t a r  Acelonel 
Svrinr 
Alrnlnr 
Purine l l v a r  
Clycrryaminc 
Prolinc 
Arglnin? 
Arcorbic Acid 
Oxalic ,\rid 
l l~ l i rub in 
V:\llnr 
Phenyl;~lalninc 
Allantuin 
O ~ a g l u t ~ r i c  Arid 
I.CUC~"C 
3 120 
5 100 
20 90 
7 90 
10 70 0.04 
2 70 - 
7 70 
20 70 3.1 
5 60 25 
I 0  50 rn 
20 50 4 
IS 50 20.5 
0 50 i. 
I 5  45 
< 7  40 V.S. 
i 7  JI! I 5  
1 40 V.S 
I 30 10 
3 311 i. 
<7 30 
6 30 
2 2 5  0.76 
13 25 
8 25 
N1I2 
Gurnnlinu.relic n r id  1IN:C 111.1 9 25 
<N1l~(~lll~lOO1l 
(:I!, 
I 
I",lr.ul.inu Cll3'C1l2 ~<:Il~(:Il(NIII )'<'0011 131.2 4 2 2  
lirohll,,,~,pcn 0 17 
I.:111an<rl.t1~11n~ N l l ~ ~ ~ ' l 1 2 ~ ~ ' l 1 2 1 ! l l  61.1 3 IS 
Gu;,#i!dinc ~ l l ~ N ~ ~ ( ' : N l l  59.1 1 13 V.S. 
Mrthillnine Sulhlkidc 0 I 3  
Vrllydluru<,rbic Axid ('611606 174.1 3 13 
PREcmmG PAGE BLANK NOT F m  
APPENDIX 111 
Concentration of Contaminants i n  Product Water Compared 
t o  E s t a b l i s h e d  Po tab i l i ty  Standards 
Sample from Ham. S td . ' s  US PHs SSB-NAS 
Contaminants NAFION 475 (Cellophane) Limits Limits 
Total  So l ids  120 76 5 00 1000 
ND Vola t i l e  So l ids  
Tota l  Nitrogen 82 
Ammonia Nitrogen 50 14 
Urea 30 ND 
C.O.D. 
Chloride 
Su l fa te  
Phosphate 
Sodium 
Potassium 
Iron 
copper 
NS = Not s p e c i f i e d  
ND = Not determined 
APPENDIX I V  
CHEMICAL ASSAYS 
Contaminants 
Monitored 
Total Solids 
C.O.D. 
sal t  
Ammonia Nitrogen 
PH 
urea 
Protein 
Metals 
Total Nitrogen 
Bacteria 
Methods Used 
STANDARD METHODS~O # 164 
# 220 
# 112 
# 132 
(Cross checked with ORION'S electrode) 
)I # 144 
p-dimethyl aminobenzaldehyde reaction 
41 
Lowry Assay 
Atomic Absorption 
(performed by Metcalf and Eddy, Bosfon) 
1 
STANDARD Methods #135(M&E) 
